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An experimental study of free convection heét transfer from
a heated horizontal platé facina downwards in air is renorted in
this thesis. The results of this study are in geod agrecnent
with the results obtained by Fishenden and Saunders. This
study also investigates the effect of restraining the develonment
of the thermal houndary laver with 1/2" and 1" edge strips around
the edaes of the test nlate. This study led to the conclusion
that edge restraints tended to decrease the heat transfer from
the nlate.

The range of Grashof Prandtl Mumber product investiqated is
between 4 x 108 and 8 x 109 resulting in the heat flux range of

2

2 .
0.7 Btu/hrft® to 102 Btu/hrft©. Correlations are nresented

relating heat flux and temnerature difference between nlate surface

temverature and ambient temnerature.
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1. IHTRODUCTION

This dissertation céncerns the experimental study of heat
transfer to still air from a heated horizontal plate facing'down—.
ward. The study was prompted by the fact that very Tittle
information was ava{lab1e for this configuration,and that the published
experimental results were not sufficient to enable one to draw a
firm conclusion,since all major heaf fransfer 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 bé]ow the horizontal plate. For the
present exnerimental study, this flow restraint was achieved by
attaching strips all arcund the edges and perpendicular to the
horizontal surface of the test plate. Three sets of measurements
were taken with 0", 0.5" and 1" wide edge strips respectively. Such
information could be useful in the design of industrial or

experimental heat transfer systems.

Correlations are presented relating the Nusselt number to the
Grashof Prandt] number product and relating the heat flux, the amount
of heat transferred per unit area per dnit time, directly to the
difference between plate temperature and ambient temperature as a

~first hand approximation.



The range of Grashof Prandtl number product investigated'wa§
betveen 4 .x 108 to 8 x 109 for the temperature difference range
between 5°F to 225°F. Mithin this range of temperature differénce,
five tests were performed for each of the edge constraint
configuration mentioned before, at five levels of temperature
difference chosen on the basis of even intervals on a logarithmic
scale. |

By similarity,it may be seen that the nrocess 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 downwards, therefore, can be used for the

heat transfer to a cool surface facing upwards.



2. LITERATURE SURVEY

Brown and tiarco (1) performed a dimensional analysis
of the various parameters affecting free convection usina the

n theorem which led to an equation of the form

hcf, . ( QBAT9,3p2 B(CUU)Y :
~Ee s o (AL D (1)
7 U
3 2
where asaT 9" p is the Grashof MNunher Gr,
12

Cnu

and T is the Prandtl Huaber Pr.

Brown and Yarco further indicated that the results of a nunber
of tests investigating free convection to various fluids bhoth
liquids and géses from different sufface conficurations shoved
that g and y were numerically the sane. Hence Eauation (1) reduced
to

hcz d

—-= ¢ (Gr Pr) (2)
k

Brown and Marco also stated that horizontal nlates with the warm side
facing unwards transferred twice as much heat per dearee of
temperature difference as did similar nlates with the warm side
facing downward. For 1@3 < GrPr < 109 the relationshin

recommended was

>1/4 ' | (

(&8 ]
~

£ = c(6rPr



Q y .
whereas for GrPr > 107 the relationship

- = c'(Gr‘Pr)]/3 ' ‘ (4)

was recommended which was based upon the exverimental work of

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

of any characteristic dimension greater than 2 feet was negligible
in computing the film conductance relating to a surface surrounded
by gas. It was implied that the value of characteristic lenath
to be anplied in expressions for the £ilm conductance due to free
convection should not exceed 2 feet. The va]ﬁes of ¢ and c'
recommended for a horizontal h]ate facing downwards were 0.35 and

0.03 respectively.

Jakob and Linke {3) deduced from their e*perimenta1 viork on
horizontal nlates facing unward that heat transfer from a horizontal
plate was independent of position. In fact, this result is exrected
because there is no reason why the heat transfer at one nosition on a

horizontal plate should be different from that at any other nosition

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

, 3
0"y = 0275 () -~ (5)

and

"y 705 Ay (6)

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

flux from heated horizontal surfaces.facing unwards and dovwnvards
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respectively. Quoting from Jakob,
(14 e
. Even a smaller factor than 0.50 might be expected

because of the fact that there is no reasen for any

convection when the hot air is above the colder air.

Actually, some convection is caused by secondary

influences, (such) as temnerature differences on the

edge of the horizontal nlate.”
In addition, Jakob presented some results of Heise (6) pertaining
to the determination of the temperature distribution on horizontal plate.
Weise used two squarce aluminum nlates about 16 .cm. and 24 cm. in side
length which were hung horizontally in a wide room and heated
electrically. The results of a total 70,000 readings were
combined to give patterns of isothermal Tines, one of which was
reproduced by Jakob in Figure (25.5) of Reference (4). This nlot
shows that the boundary layer in which the temneratura drop was
concentrated below the plate was about 1.5 cm. thick in the centre
and 1 cm. close to the edge. Jakob also nresented a Schlieren
photogranh of a hot horizontal nlate in air at rest obtained from

the work of Schmidt ( 7) which is presented a3 Fidure (27-b) of

Reference (4).

Fishenden and Saunders (8) nresented the results of their
exherimental work on heated horizontal rlates facing unwards and

downwards in the form of the correlations

Nu

0.54 (5ree) ' for 10° < arer < 10° ()

.
Nu = 0,25 (6rer) 7% for 107 < Grer < 10° (2)



The maximum size of the plate investigated was 2 feet with
temnerature differences hetween surface and ambient air up to
1000°F. Fishenden and Saunders also nresented a relationship

for heat flux in the form

' 1.25
q" = 0.12 (aT) "7 (9)
“ h,d 0.25
. (2) ol
4 5 8 9 ) '
for 107 or 107 < GrPr < 107 or 107 for the case of horizontal

nlate facing downwards.

MchAdams (9) indicated that Equation (8) would better fit

Fishenden and Saunders data if the coefficient were 0,27.

Kutateladze and Borishankii (10) 1ndicatéd values of ¢ and d
as 0.54 and 1/4 for 5 x 10° < &rPr < 10’ and 0.135 and 1/3 for
GrPr > 2 x 107 for free convection heat transfer from nlanz surfaces.
It was indicated that the value of the coafficient was increased
by 39 pnercent for a warm surface facing upwards and was decreased
by 30 nercent for a warin surface facing downﬁards. Then according
to Kutateladze and Borishanskii, the correlations fora horizontal

plate facing downwards become

Nu=0.33 (aror) /" (10)
2 7
for 5 x 107 < GrPr < 10
and :
Nu = 0.005 (crop)!/3 (1)

for GrPr > 107



3. TEST FACILITY

Photographs of the test facility used in performing

exnerimental study are shovn in Figures 1 and 2.

The apparatus is described in detail in the following
section,

3.1 Test Eaquipment

The test equipment is described in three sections as
follows.

3.1.1 Test Plate

A one inch thick by forty five inch square aluminum nlate
was used as shoum 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 mfnimizing the disturbance in the air and maintaining
a stream line flow all around as renresented in Figure 3(c). The
plate was further divided into nine zones separated by rectanqular
slots in an attemnt to minimize transverse conduction so as to
direct the flow of heat downward.

Anpropriate holes were nrovided in centre of each zone to

N

hold thermocouples for temperature measurements. Each zone contained
wo holes, one terminating about 1/4".from top surface of,the nlate
and the other terminating about. 1/8" from bottom surface. The details
of thermocounle holes are showun in Figure 3(b). The holes ware
arrangad so that the thermocounle junctions would terminate on a line

pernendicular to the top surface. This was done so that the temperature



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 was so small as to be masked by the
uncertainty of temperature measurement. Horizontal slots were
provided around these holes,to enable the thermocouple Teads to

be arranged horizontally perpendicular to the heat flux, so as to
minimize the error in the thermocounle reading caused by the with-
drawal of heat from thermocouple junction by conduction along the

thermocouple Tlead.

- 3.1.2 Heating 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 amcunts 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 instrunentation.

3.1.3.  Stand And Other Accessories

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

foot high stand which provided space to work below the plate.



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 ton surface with a six inch
layer of fine vermiculite (p]astér aagregate, Zonolite brand) to
reduce heat losses in the upward direction to a minimun. The
vermiculite was enclosed in a sheet metal cover. Two thermocounles
were {installed on this cover for use in estimating the heat

losses through the insulation.

3.2 Instrumentation

- 3.2.1 Plate Temperature Control

As already mentioned, different numbers of heaters were
put in different zones. For heating purposes, the nine zones into
which the test plate was divided were qrouped into three reaions,
namely corners, sides and centre. Heat input to these three regions
was controlled through nower variacs Figure (4) shows the manner
in which the heaters were wired for regional control. Sunnly of
different amount of power to these regions in response to the,
temperatures measured with thermocounles in different zones, enabled

the achievement of uniform temnerature all over the nlate.

Appropriate points were also provided on the front panel
board for the measurement of voltage, amperage and wattace input

to the heaters of each region so that an apnroximate energy balance
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could be performed for the system.

3.2.2 Temperature Measurement

The temperature in each of the zones of the plate was
meésured with eighteen "Ceramo" type thermocouples with six inch
immersion length installed in fhe slots described previously. The
temperature of the cover was measured with two thermocouples
installed at the corner and centre respectively. Two
similar thermocounles wére installed on the upper surface of the
test plate for measuring the surface temperature. The response
of all these thermocouples was referenced to ice temperature. The ice
bath was stirred frequently to maintain uniform temperature for

all the thermocouple junctions.

The thermoelectric potentials of all these twenty thermo-
couples were recorded by a Honeywell, model 15303 830-12-(99)-0-000-012-

11-060, electronik 15, twelve point continuously balancing millivolt recorder.

The output of eight thermocouples in four representive
zones (two corners, one side and the centre) as well as the output
of the two upper surface thermocouples and the two cover thermo-
couples were recorded consecutively by the recorder. The outputs
of other zonal thenuocoup]es viere periodically fed to the recorder
to measure the temperature of those zones in order to check the

uniformity of temperature over the plate.
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Double pole, double thfow knife switches were prﬁvided
which in one position fed the output of the zonal thermocouples to
the recorder circuit and in the other position enabled the measure-
ment of differential temperature of the two thermocouples in a zone

by feeding the differential output to a Honeywell, model MHo. 2745,

millivolt potentiometer. The wiring diagram is shown in Figure

(5).

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

of the temperature measurement. The recorder had an accuracy of
+
- .25%.

The temperature distribution in the air below the plate

was measured with a thermocouple prohe described below.

3.2.3 Thermocouple Probe

Quite a few thermocounle prcbe confiqurations had to be
tried hefore a probe which gave acceptable reéu]ts was found. The
main reason for rejecting the probes was the discrepancy of the
order of 40 - B50°F, between the temperature of the air at zero
displacenent as obtained by extrapolation of the temnerature distri-
bution plotted from the probe measurements and the temperature of the
test plate measured by the emhedded'thermocoun1es. The various
configurations tried and the results obtained are given in Apnendix

A . Although the discussion of the thermocouple probes which were

not acceptable has no bearing on this presentation, it might be
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useful in the design of thermocouple probes for other applications.
The Tower reading of the unacceptable probes was thought to have
been due to local convection curreﬁts induced by the presence
of the supports acting to decrease the temperature of the air at

the thermocouple.junction.

The preobe used for the present study is shown in Ficure
(6). The edges of the side supports of the probe (20 gauge
stainless steel shim) were sharpened to smooth the air flow. The
thermocounle was comprised of chromel-alumel, 40 gauge wire butt
welded in a mercury bath.which resulted in a .010 inch diameter
Junction. The thermocouple deviated only T 259 from the
measurement of a calibrated theﬁnocbub]e. - The preobe was
positioned by a traversing attachment having .001"resolution and
fixed to a tripod stand with levelling screws as shown 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 thermoelectric potential of the thermocounle was fed to a
Honeywell model SY153 x 12 -(V AH 1) - II-III-157-D  Brown
Electronik, single point continuous balancing millivolt recorder.

Ice temperature was again used as‘the reference junction temperature.

Accuracy of the recorder was +.25%.



3.3 Qualitative Estimate of The Thermal Boundary Layer Below
The Plate

The thermal boundary layer below the test plate was
studied with a Schlieren apparatus. The Schlieren technique
enabled the qualitative analysis of the boundary layer through
the influence which density chaﬁges had upon the transmission
of a collimated beam of Tight. Figure (2) shows the Schlieren

apparatus set up for the present study.
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4. TEST CONDITIONS

Steady state temperature levels in the test plate were
achieved in approximately eight hours after changes in the powerstat
Setﬁings. The settinas of the nowerstats were somewhat arbitrary
for the first set of tests and adjustments had to be made until
the temperature of the plate varied no more than t1°F at any two
‘positions on the nlate. The test conditions are further described

under the following headings.,

4.1 Plate Temperature

The maximum temperature of the test plate was anproximately
335°F resulting in a maximum temnerature difference of about 255°F.
The minimun temperature achieved was approximately 80°F resulting
in about 5°F temperature difference. Five tests were conducééd at
different nlate temperatures between 335°F and 80°F. For each test,
the temnerature distribution in the air below the nlate was scanned
at three positions namely centre, side and corner. The exact locations
are shown in Figures (13), (15) & (17). BRefore ecach test, the traversing
attachment of the probe was properly levelled as described nreviously.

‘

4.2 Grashof Prandtl Mumber Products

The range of Grashof Prandtl numbers product ac#ieved was
4 x 108 to 8 x 109 for which the corresronding range of heat flux
varied between 0.7 Btu/hr ftz to-102 Btu/hr ftg. A nlot of Grashof
Prandt] number product versus temnerature difference, Fiqure (3),

illustrates that maximum value of Grashof Prandtl 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 qoverns free convection
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 achieve a.higher Grashof Prandt]
number product, one has to choose 1afqef sizes of surface rather

than higher surface temperatures.

4.3 Edge Restraints

Strips of metal were added to constrain the thermal
boundary layer. Additional sets of measurements were taken,
using a 1/2" wide strip and a 1" wide strip respectively. These
strins were fixed to the bevelled edges of the test nlate so that the
“original heat transfer area of the plate was not affected as shown
in Figure (9). The gaps between 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 edge strin wiéths was bhased unon the thickness
of the thermal boundary layer wﬁich daveloned helow the nlate without
edge restraints. The boundary layer thickness was about seven
tenths of an inch and heénce two widths namely 0.50" and 1.00" vere

chosen to partially and totally restrain the boundary layer respectively.
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5.  DATA REDUCTION

As already mentioned, the thermoelectric potential from
the thermocoup]g/probe used to scan the'tempefature distribution in
air below the plate was fed to a single point continuous balancing
recorder. Random fluctuations of varying magnitudes, depending
on the location of the probe, were observed in the air below the
plate as illustrated in Figures (10), (11) & (12) showing samples of recorder
paper. This point is further discussed in Chapter7. An
average value of the therinoelectric notential wés computed from such
temperature recordings over a period of about ten.minutes by drawing
a line such that the area on both sides were equal as estimated by
eye judgement. This value was taken as the reading at that

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

Each scan was taken over the rance from about 0.020"
to 1.400" from the test plate with enough intermediate measurements
to obtain a smooth temperature plot, At 1.400" from the plate,
the temperature difference between air below the plate and the ambient
temperature reduced to the order of 0°F to 3°F denending on the plate

temperature and further measurements were not necessary.

A graph of AT, the temperature difference between the air
temperature and the ambient temperature versus x, the displacement
of the thermocoupnle junction from the bottom surface of the plate,

was plotted for each scan as indicated in Figures (13) to (18). These
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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 conducted downwards by the plate was equated
tb the heat flux feceived by the air by virtue of conduction in the

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

Therefore, we can write:

= _p 4T .
Q/A = ka dx |x=O ‘ \12)

where ka: Thermal conductivity of air at zero
distance from plate in Btu/hr ft°F.

%% | Temperature gradient of air at zero distance
x=0 from plate in °F/ft.
Q: Quantity of heat conducted in Btu/hr.
A: Area of plate in ftz.

Mow this heat flux is transferred to the air below

and we can write:

Qo 4| b (1 -T) = hat o

where hC s Heat transfer coefficient in Btu/hr ft2°F
TS :  Plate bottom surface temperature in °F

T_ : Ambient temperature in °F
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Thus by ohtaining g%- from the graphs presented in

x=0
Figures (13) to (18) , and by evaluating ka from standard tables

for ‘the properties of air at the temperature of the test nlate

Q/A was determined. ~Using this heat flux value, the heat transfer
coefficient hC was computed by dividing Q/A by (TS - Tw). For values
of Ts’ the tempnerature gradient curves obtained from the temperature
scans plotted in Figures-(13) to (18), were extrapolated to obtain

the AT at zero distance from the plate which yielded the temperature
of the air at the test plate when the ambient temperature was added.
It may be noted here that this temperature could also be obtained
‘directly with the probe by touching the junction to the p]afe but

this reading was observed to be about 1% lower than the one obtained
by extranolation. This temperature drop was 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 .
rwith the average value of the plate temperature obtained from the
eighteen embedded thermocounles. An average of this value and the
value obtained by_extrapo]ation was taken as the value of TS,,the plate

surface tempnerature.

The ambient temperature T_ was measured by removing the
probe from the test surface. This reading was periodically compared
with the value of the ambient temnerature read from a mercury-in-glass

crrs F ; .
thermometer and was found to he within - 1°F of the ambient temperature.
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The values of TS and T_ determined as exnlained above
enabled the temperature difference (TS - Tm) to be evaluated for
each particular value of heat flux, and‘enab]ed the corresnondina

heat transfer coefficient hC to be determined by Equation (13)

The following equations were then used to evaluate the
dimensionless parameters.

h o

k) = ._E_._ - ]4

Hu % . ( )
Bp” 3 '

or = () x aT x 2 , (15)
I

where

Nu: Nusselt number

Gr: Grashof number

2 : - Characteristic length of the plate taken as the

side length in ft.

k: Thermal conductivity of air in Btu/hr ft°F

g3 Gravitational constant taken as 32.16 ft/sec2

B: Coefficient of thermal expansion of air in 1/°F

p: Density of air in 1bm/ft3

TH Viscosity of air in 1bm/ft sec.

A1l these air properties were evaluated at the film temperature
Tf = 1/2(Ts + Tm). The values of the Prandtl number Pr used to
evaluate Grashof Prandtl number product were taken from standard

air properties tables at the film temperature.
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6.  RESULTS

The results obtained by this experimental study are

presented in this section.

The temnerature profiles ohtained from the temperature
scans below the nlate are shown in Figures (13) to (18) which are
plots of temperature difference AT versué displacement x. These
plots enabled the evaluation of %iixzﬂ, the slope of the profiles
at zero displacement as explained previously.  For each set of
experiments corresponding to 0", 1/2" and 1" wide edae strips
respectively, two figures are given, one representing the temperature
profile for the highest temberature difference and the other represent-
ing the remainder of the temnerature profiles for the other temn-
erature differences. This procedure had to he adonted since the

" scale which had to be used for hichest temnrerature difference did
not permit the other profiles to be nresented as advantageously as

nossible.

Two sets of plots, Fiaqures (9 ) and (20) are nresented
correlating heat flux Q/A with temnergture difference AT. These
figures differ only with respect to manner in which heat flux was
computed.  Figure (19) presents a plot in which the values of heat
flux were computed on the assumntion'that the plate was transferring
a uniform heat flux over the entire area correspondina to the maanitude

computed at the geonetric 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) nresents a olot in which a discrete heat
flux assumntion was considered in the’calculations as exnlained
below. Figure (21) shows that the temnerature distribution in
the air below the plate is similar in the centre, side and corner
locations up to about 7" from the edges. This observation imnlies
that the heat %lux 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‘}~1/2" from the edges
are different than the temverature profiles at the centre. However,
at low temperature différence levels, namely about 5°F and 10°F, the
temnerature distributions at all the. locations were found to be the.
same, within t]% difference at any 1ocation; 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 comprised of a 3" 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 the
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
increése in the overall heat flux was approximate1y 12% for the

no fin confiquration and abproximately 4% for the case of the 1/2"



fin configuration while the maximun decrease for the case .of
the 1" fin configuration was found to be approximately 8%. The
maximun changes were found to occur at the highest temperature

difference level.

An energy balance was also nerformed for the system
~considering the heat input to the system as measured in termsrof
electric pover supplied to heaters, fhelheat flux transferred
downwards bv the plate and all other losses. This analysis
is presented in Appendix B for two tests corresponding to the
no fin confiquration. The discrepancy is only ahout 8 % of
the electrical power which could easily be accounted for by
the heat losses through the sunnorts, and apnroximations and
assumptions used in the calculation procedures for various

~ losses.

Furthermore, to verify the existence of the thermal
boundary layer below the plate and to obtain a qualitative
measurenent of its thickness. Schlieren photogranhs were taken as
presented in Figures (22) and (23). Fiqure (22) presents a
pnotograph taken with the Schlieren apparatus aligned with the
centre portion of the nlate. As indicated on the photograph, the
thickness of the boundary layer is of the order of seven tenths

of an inch which confirms the values ohtained by nrobe 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
photograph distinctly indicates the thinning of the boundary

lTayer near the edge, again confirming the probe measurements.
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7. DISCUSSION

7.1 Accuracy Of Results:

This section concerns the analysis of the uncertainties
in the experimental study and their bearing on the final results.
Maximum possible error was cohputed'in the analysis in each case
which gave a high percentage of uncertainty Maximum possible
error results as a consequence of the imnrobable combination of
the maximum values of the individual uncertaihties in the various

measurements.

The fluid property values used in calculating the
dimensionless parameters were assumed to be those of dry air
though humidity might have run as high as 872% durina the exneri-
mentation. This undoubtedly would have introduced some error
in the results but has not been considered in this analysis.

The error involved in determining a particular property value

at a certain temperature (internolating hetween puhlished values)
was minimized by fitting a ten dearee nolvnomial between eleven
known property values published in the ranie between 0°F to 400°F
at 40°F intervals aiven in Reference (11).The internolation error

has been considered in the analysis as well.

The uncertainty analysis is presented below.



Description of Maximum

CRREY pusehe
(A) Value of Temperature -

Difference e

AT = (TS =T

Plate Surface Temperature

(1) Therinoelectric Error 1.2 Too

(ii)  Potentiometer Inaccuracy Toa "To.2

(i1i) Reading Error Fhg o5

Ambient Temnerature

(i) Thermoelectric Error - ia2 to.2

(i) Potentiometerilnaccuracy T f_O.Z

(ii1i) Reading Ervor o oz

Total Error in Temperature
Difference# I16.0 - 1.4

(B) Value of Heat Flux

0_ , dr

\ a dx'x=0

Therimal Conductivity

(i)  Film Temperature Uncertainty = 1.0 7

(i) Interpolation Error C PR 0.

* Low temneratura readinas were made with notentiometer
t  High temperature readings were taken from recorder naper

# Total Error % = (Absolute error in Ts + MAbsolute error in Ta)x

(100)/Temnerature Difference
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(D)

Temperature Gradient
(i) Probe Reading
Thermoelectric Error

Conduction and Radiation
Losses :

Potentiometer Accuracy
Reading Error

(ii) Estimation of Gradient
~from Plot

Total Error in Heat Flux

Nusselt Number

Mu = _IZ].C.:.Q; = Q./_L\_ =
k AT "k

b=l

Heat Flux
Error

Temperature Difference
Error

Thermal Conductivity

Error

Total Error

Grashof And Prandtl Number

2
Gr = (55%%~) (aT) 2%
u
uCy

S
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Max imum

- Maximum
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(aT = 5°F) (AT = 250°F)

.02 fo.2
0. + 0.?
toon Y p.o
oo Yo
. f 5.0
T fy t 7.9
e g
6.0 T
= R e
I 269 1
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HMax imum Maximum
% Uncertainty- % Uncertainty
~ (AT = 5°F) (AT = 250°F) -
Physical Proverties .

+ +

Internolation Error 0.6 0.5
Temnerature Difference

Error 6.0 .4
Characteristic Length

Measurement Error I 06 7 0.6
Total Error . ! £:b

17.2

7.2 Heat Flux Correlation:

The heat flux plots in Figure (19) and (20) indicate the
following type of correlation between heat flux and temperature
difference

o/h = c(aT)? (16)

The values of the coefficient and the exponent obtained
for various cases are listed in the fiqures mentioned and are
tabulated below.

TABLE I
Tabulation Of Empirical Constants

Descrintion Uniform Heat Flux NDiscrete Heat

Cf Edge Restraints Assurntion Flux Assumntion
c d ¢ d
1 Mo Edge Strip .105 125, . 102 1..27
2 1/2" Edage Strip 106 123 104 1.25

w

1" Edge Strip 107 1.20 16 1.16




Using Fishenden and Saunders (8) re]ationshinas.modified.by

McAdams, the correlation below can be written

Hu = 0.27 (6r pr)!/% o (17)
h 2 ? '
L= 0,27 120 AT 23 pry1/4 (18)
: e ‘ ) '
3 . = 4 .d.]; = & °
Since QA= = kol gen = DeAT (19)
?
Q 4 ¢ =3/
MR < 0,27 [ﬂﬁ%— pe]V4 1oV 1a7¥ (20)
| , |
0.27[2% pr1 1/ %y
1Y N —"k (a1) 1+ % (21)

21/4

Using the relationship exnressed in Equation (21) by substituting
the values of temnerature difference for the nresent experimental
- study, a plot was drawn which is shown in Figure (24) and gave Qa]ues
of ¢ and d as 1.05 and 1.23 resrectively. The value 1.23 is lower
than 1.25 showing that the fluid nroperties de affect the exnonent.
The experimental values in general are in good agreement with Fishenden
and Saunders correlation with méximum A.6% and 16.8% deviation
corresponding to uniform heat flux assumﬁtion and discrete heat flux
assunption for the case of nlate witﬁ no edage restraints.
73 Effect 0 Edre Restraints:

As chserved from Figure (19) and (20), the edae strips tend

to decrease the overall heat flux. Hovever, the experimental evidence
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supporting 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 restfaints, intuitively it would
appear quite reasonable that edge restraints would reduce heat flux
since the edge restraints tend to ston the flow of air from edges
thus increasing the thickness of boundary laver and decreasina temn-

erature gradient at the surface.

Fishenden and Saunders:(8) 1ndi¢ated that for the case of a
horizontal plate facing downwards, were it not for edge effects
and slight irreqularities of temperature over the plate surface,
- there would be no convection currents, since the laver of warm air near
the plate would be in equilibrium in a draught free room, although
heat would, of coufse, still be lost from the nlate by conduction.
It may be realized that if the gross movement of air is nrevented or
the hot air is prohibited from escaping from the sides of the plate,
the heat transfer from the nlate will be by conduction. The heat
transfer coefficient in such a case will be ﬁuch Tower than that for

convection. Hence the trend for heat transfer coefficient to decrease

with edge restraints is reasonable.

7.4 HNusselt Mumber Correlation:

As already mentioned in the literature survey, Fishenden

and Saundars (8) gave a correlation for Musselt number which
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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 horizontal
- plate facing downwards. 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
plate without edge restraints, the maximum deviations are t?% ‘
and 1207 for the case of the uniform heat flux assumption and the
dfscrete heat flux assumption respectively.

7.5 Air Temnerature Fluctuations:

It has already been mentioned that fluctuations were
detected by the thermocounle probe measuring the temﬁerature of the
air below the test plate. Samnles of recorder paner were also
presented in Figures (10), (11) & (12).Figure (27) further shows
the envelope around the mean value curve drawn through the maximum
and minimum values observed. The general pattern of the fluctuations
remained the same for all tests but the relative magnitudes were less -
for lower temperature difference levels as indicated in Figures (10),
(11) & (12). The following reasons could account for the above
mentioned fluctuations. '

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

of hot air. Thermocounle junction moved as much as
T.OOZ” from its pésition of rest. This movement was
observed by an optical instrument.

(ii) The disturbances in the flow pattern itself induced by

casual movements in the room. Due to the existence of
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a temperature aradient below the plate , Such a
disturbance would cause mixing of air of different
temneratures, resulting in a variation of temperature

at the thermocounle junction.

It can also be noticed that the fluctations are minimal un to
about .02" from the plate because of the air movement being damped
by the presence of the stationary nlate. Then further from the

plate, the fluctuations aradually start increasing, attaining a
2
. . . d T . . o i
maximum value in the region where-—jy- in the air is maximum and
dx

then again start decreasing, finally reducing to zero as the probe

anproaches ambient temnerature. The fact that the fluctuations
. d2T
are maximum at the point wherev~75 is maximun can be observed in
dx”™ '
Figure (27).
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8.  CONCLUSIONS

The experimental study of the free convection heat tpransfer
from a heated horizontal plate facing downwards resulted in a
cor#e]ation which in general agreed with the correlation given by
Fishenden and Saunders as modified by McAdams.

Nu = 0.27 (crpr)1/%

The experfmenta] study was further extenced to study the
effect of edge restraints on heat transfer and this stﬁdy indicated
that the heat transfer coefficient tended to decrease with the
incrcasing height of edge restraints. However, no correlations

vere given because of insufficient experimental evidence.
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FIGURE #1
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FIGURE #2
Test Facility Side View
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FIGURE #6
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FIGURE #7
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APPENDIX A

This appendix presents the set of results obtained with various
probes which were tried for the measurement of temperature distribution

in the air below the plate.

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

probes. The results can be summarized in the following table.

TABLE 11

Comparison OF Various Probes

Probe | Extrapolated Actual * |. Discrepancy Remarks
# AT(°F) AT(°F) (°F)
I 246 247 1 Accentable
IT 194 235 41 Not Accentable
111 140 195 5h Mot Acceptable

*  Actual Temnerature is obtained by suhbtractina T_ frem TS measured

with embedded thermocounles.
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APPENDIX B
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This appendix presents the enerqgy balance performed on the

pertinent to the plate without edge sfrips.'

comnrised of the present experimental set up for two tests

Various parameters pertinent to the calculations are as follows:

Plate Surface Temnerature, TS:
Insulation Cover Temperature, TC:
Ambient Temperature, T_:
~ Length of the Plate, L:
Length of the Cover, LC:
Height of the CoVer, LH:

Height of Bevelled Edges, Lg:

Test T
330°F
104°F

80°F

o9

Test 11

177°F
86°F
80°F

75 ft.

57 ft.

52 ft

083 ft

Calculations for the energy losses based on ahove information

is as follows:

Free Convection Losses

(A) Insulation Ton Cover:

Film Temnerature

Te= (T AT )/2

AT =T -T
C %}
2 3
Gr x Pr =(Q§9m). AT . L

u

(Properties Evaluated At Tf)

Test 1

. §2°F

24°F

2.3 % T

6.35 x 1n°
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joe)

For Heated Plate Facing Upward:

Ny = .r_].c.l_._.(i
] k

[Reference (12)]

Nu .k
h = el
A
C

Heat Flux = he (TC - T

= 0.14 (6rer) /3

)

©

Insulation Sides:

Average Temperature of Sides:

Tis B (Tc * Ts)/2

Film Temnerature

Te= (T, +T)/2
oT = Tyg - T,

2
Gr x Pr = (ﬂﬁﬁ~) AT.Ly,
(Pronerties evaluated at Te)

For Heated VYertical Plates:

[Reference (12)]
h L

N = £ = 0,48 (6ror)!/*
. Nu.k
c LH

Heat Flux = hcAT

67

Test 1 Test 11
185 120
0.775 B, g0 B
hrft® F hrft'F
18.6 Btu 5 2.9g Btu 5
hrft hrft
217°F 132°F
149°F 106°F
137°F 52°F
2.52 x 10 1.25 x 107
34,1 23,5
1085 S 856
hr ft°F hr - FE-F
15+ 24 5 44,5 EEH,9
hrft hrft™



(C) Bevelled Fdges:

Film Temperature TS i

AT 2
q@oz g
GrPr = (A~§~J AT.Lp
U
A
Mu = 0.48 (Grpr) /%"
ik
h " = .[.l.'L_
E

Heat Flux

€3

Test T ' Test II
205°F 128.5°F
250°F 97°F
1.9 x 10° 8.4 x 10"
0.802 0.22
0.102 B 0.1 PR
hrft™F hrft“F
~ 48 Btu 5 18 Rtu >
hrft” hrft™

Radiation Losses
Assuming the plate to be a grey body in black surroundings,
the following relationships can be written

F]2 = € [Reference (12)]

~ where F]2 Grey body shane factor

€] Emmissivity of surface

The radiation heat transfer coefficient is defined as follows:

hy = Fiofy
T T
1,4 2 \2
0.172 [lyg0) " - (y5p)"]
where Fr = ~~-~~~~ﬁr] =T - [Reference(12)]
where T] = Temnerature of emmitting surface in a °Ranliine

T2 Temnerature of absorbinc surface in ° Rankine

* Calculations are done on vertical plate hasis though the edges

are at 60° anale.



69

The values of FT for given temperatures of T1 and T? can be

estimated from the chart in Reference (12).

The losses comnuted with the ahove formula using €1 = 0.1

for dirty aluminum are as follows:

(A) Bottom Surface
and Bevelled Edges:

Emmittina Temperature T]
Absorbing Temperature T2

From Chart, FT

hr = e]FT

Heat Flux = hr AT

(8) Insulation Top Cover:
Emmitting Temperature T]

Absorbing Temperature T2

From Chart, FT

Heat Flux = hrAT
(C) Insulation Sides:

Emmitting Temperature T]
Fbsorbing Temperature T2

From Chart, FT
hr = E]FT

Heat Flux = W‘AT

Test 1

. 330°F
an°F
2.1

21 PR
hrft™F

- 5
52.5 Btu/hrft”

104°F
80°F

1.3

2,13 28
hrft F

n
3.1 Btu/hrft®

217°F
8n°F

1.5

0.1¢ EEH“h

7

hrfEF
# bl
22.0 Btu/hrft™

13.6 Btu/hrft?

86°F
80°F

1.2

n.12 Ezuug
- WpTLF

0.7 5tu/hrft?

132°F
Q0°F

1.2

B
N0.12 .‘_'..t_u._.e_

" hrft F
Lt Fp
6.2 Btu/hrit



Total Energy Balance:

Area of Rottom Surface, As

Area of Tob Insulation

Cover, AC

~Area of Insulation Sides ﬂs

Area of Bevelled Edges, AE

Total Energy Sunplied:

or

Total Enerqv Losses:

(A) Bottom Surface
(i) Convection
(ii) Radiation

(B) Insulation Top Cover
(i) Convection
(i) Radiation

(C) Insulation Sides
(1) Convection
(1) Radiation

(D) Bevelled Edges
(i) Convaction
(i) Radiation

TOTAL

Discrepancy:

1270 watts

14.1 ft°
13.3 ft°
7.6 ft°
1.2 ft?

N

N N

4340 Rtu/hy

Btu/hr
1615.0 *

740.0

248.0
42.0

1143.0
163.1

70

370 watts
1265 Btu/hr

Etu/hr

494,0 *

192.0

10.0

340.0

*

As measured by present experimental study.
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