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NATURAL CONVECTTION CHARACTERISTICS OF

FLAT PLATE COLLECTORS

by
K. R. Randale, M. M. EL-Wakil, and J. W. Mitchell

Natural convection heat transfer between parallel plates has been
experimenfa]]y studied for condit{on§ éimﬁ]ar to those existing in flat
plate solar cbf]ectors. Interferoﬁetric techniques have been used to
provide detailed information on the local variation of the heat transfer
coefficient along the plate surface. Local values have been integrated
along the plate length to determine the average heat transfer coeffici-
ent. The results are useful in determining the toptloss coefficient
for flat plate collectors. _

Parallel plates tilted between 45° and vertical have been inves-
tigated. The aspect ratio (ratio of plate length to p1ate‘spacing)
and Grashof number are comparable to those for current collector designs.

For the tilt angles and aspect ratios studied, the local heat

|

W

transfer coefficient is greater than the average by a factor of 2 to 3
at the lower end of the heated plate, and is about one-half the average
at the upper end of the heated plate. For low and high Grashof number,v
the heat transfer coefficient is constant over the center section of the

| nlate, while at intermediate Grashof numbers, it decreases continuously

i from the lower to the upper end. The limits on Grashof number are a

|

strong function of the enclosure aspect ratio.
The results for anales of tilt between 45 and 70° are consistent
with those of previous investigations. The data .confirm that the

|
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technique of K.G.T. Hollands, in which only the heat transfer from the
center portion of the plate is measured, is a valid method for deter-

mining the average coefficient. The center value accurately reflects

"the average value.

Measured heat transfer coefficients for tilt angles in the range
of 70 t0°90° help resolve the deficiencies that currently exist in the

data. The influence of aspect ratio on the average heat transfer rate

is found to be considerably-less than previously postulated, with es-

sentially no effect of large aspect ratios.
A correlation is developed for the average heat transfer coeffici-
ent in terms of tilt angle, and additional correlations are formulated

for the local variations of the heat-transfer coefficient.
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Non-dimensional Parameters (all properties evaluated

at Tmean)
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SUMMARY

This report describes the results of an experimental investigation

into the convective heat losses in large aspect ratio flat-plate solar
collectors.

An experimental study. has been undertaken on a specially designed
test cell using a 3 inch Mach-Zehnder interferometer. Air at atmos-
pheric pressure was used as the héat4fransfer fluid. The experimental
results include inteferograms which show the‘therma1 boundary layer

formations and the temperature profiles. Local temperature brofi]es

have been analyzed through the use of an opticé] comparator to deter-
mine local Nusselt number profiles, which have, in turn, been integrated
to give average heat-transfer results.

Angles of inclination from the horizontal of 45, 60, 75 and 90
degrees have been investigated. Aspect ratios from 9 to 36 were exam-
ined over a Rayleigh nﬁmber range of 4000 to 310000.

Finally, heat-transfer correlations have been developed for the
prediction of local Nusselt numbers in the starting and departure
corners and for the average heat-transfer results as a function of

collector tilt angle.




1. INTRODUCTION

1.1 The Problem

The freg-convecfive heat transfer.across inclined 1$yers has al-
ways been of cohsiderab]e interest. Engineefs ha&e been coﬁcerned about
the determination of heat losses in enclosed spaces such as the airspaces
in bui]dings or in the-pfédiction of nu;]éar reaétor core temperatures.
Of particular inferest to specific problems of tbday is the minimiza-
t{on of free-conVective heat losses in f]at—p]afe solar éo11ectors.

The analysis of free convectfon in enclosures has a long hfstory
but ft has only beén Fecent]y that greatvstrides have been made in
Undérstanding the mechahism by which the heat transfer occurs. Except
for the limiting cése of vertical and horizontal layers which have been

exténsive]y studied, very little information exists on the average heat-
.transfer phenomena %or other angles. Virtually no information exists

on the variations of the local heat transfer phendmena iﬁ vertical and
inclined enclosures. |

More recently the results of Hollands et al., (25, 26, 36) on the
conveétivé Iésses in flat-plate collectors have receivéd‘considerable
attention as a correlation represéntative of current collector perform-
ance for inclinations less than about 70 degrees. The Waterloo experi-
menta]lapparatus has built into fhe measurement of the heat flow the
aséumption that the heat transfer near the ends of the enclosure does
not contrfbute signiffcantﬁy to the overall heat.trahsfer. The pre-

sent investigation, thfough evaluation of the 10ca1 variations in the

heat transfer coefficients, is able to test tHe above assumption.




1.2 Literature Survey

1.2.1 Theunat Instability

The initiation of convection in an inclined enclosure occurs when
the buoyant forces exceed the viscous forces. The heat transfer below
this point is only by the mechanism of conduction while beyond this
point (called the critical Rayleigh numbér, Racr) it is augmented by
a "top heavy" situation. The buoyancy éohponent of the flow up the
slope causes a single cell circulation which has superimposed upon it
a rdlling motion due to the temperature induced top heavy phenomena.

There is universal agreement, both theoretically and experimental-
ly, that Racr for infinite horizontal layers is 1709 [8,9,11,13,14,22,
23,24,25,30,43]. Catton [10] has undertaken a theoretical investiga-
tion using the method of B. G.'Galerkiﬁ [29] to determine the effect of
finite cavity size on the initiation of convection. His results show
that the effect of confining walls is to suppress the departure from
conduction due to the effect of wall shear on fluid motion and that the
amount of suppression is a function of both cavity width and length
aspect ratios. The results are carried opt to on]yllength and width
aspect ratios of six at which the critical Rayleigh number is 1992.

Contrary to the results of Catton, Norden and Usmanov [31], in an
interferometric study of the critical point in horizontal layers of
ethyl alcohol, water, and ehtylene glycol, found that the departure
from the conduction regime actually occured at Rayleigh number less
than 1700 and that the thinner the layer the lower the value of Racr.
This disagreement with.CattOn is attributed by the authors to the

effect of the lateral boundaries of the layer.
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The most comprehensive experimental determination of the critical
Rayleigh number for all angles of tilt was accomplished by Hollands
and Konicek [24]. Racr was found by measuring the heat flux in close
proximity to the conduction regime and extrapolating the results to the
conduction 1imit. The results were found to agree with those of Unny
[41] with a maximum deviation of 10%. The resulting data was found to
fit the equation

Ra .. CoS(g) = 1709 g € 60

For ¢ > 60, wide variance has been found between experiment and theory,
which is due to the inability to detect very weak flows, and no corre-
lation exists which accurately predicts RaCr for this range df tilt
angles.

DeGraaf and Van-Der Held [13] were one of the first investigators
to visually observe the flow patterns by injecting smoke into the test
cavity. They observed the regular cellular convection for Rayleigh
number greater ‘than 2000 in the horizontal layer (Bénard cells). A
transition into turbulence was noted for Rayleigh number greater than
40000. On turning the air layer from the horizontal to 10 degrees they
noted the cellular convection changing to rolls whose axes are perpen-
dicular to the tilt axis (called x-rolls). The x-rolls were noted up
to 20 degrees inclination but disappeared thereafter.

The stability equations derived by Unny [41] show that x-rolls
are as likely to occur as y-rolls (rolls whose axes are parallel to
the tilt axis); but, the rolls are aligned in a preferred direction

upon tilting the enclosure. This direction is a function of the




Prandt]l number. For small Prandtl number, y-rolls occur, and for large
Prandtl number, x-rolls occur. Air is considered by the author to be a
large Prandtl number fluid!

Hart [22,23] and Unny [41] have tackled the problem of determining
the tilt angle at which there is a crossover from the top-heavy insta-
bility associated with x-rolls to the dynamic instability associated
with y-rolls. The dynamic instability is found in vertical and near-
vertical cavities in which occur buoyancy driven boundary layer flows.
Hart found this angle to be 72 degrees while Unny found it to be 78
degrees. This suggests that a fluid in inclined iayers of tilt angles
less fhan about 75 degrees has instabilities similar to the horizontal
layer and for angles greater than 75 degrees the instabilities are

similar to those of the vertical layer.

1.2.2 1Inclined Flat Plate Enclosunes

A summary of experimental studies on free convection heat trans-
fer in flat plate enclosures bounded by differentially heated iso-
thermal surfaces is presented by Tabor [40] for the pre-1958 period.
The most significant of these were the reports by DeGraaf-and Van Der
Held [13] and by Robinson and Powl1tch [37] in Housing Report 32 of the
Housing and Hdme Financé Agency, 1954.

DeGraaf and Van Der Held conducted an experimental study of the
convection phenomena in plane air layers. In their tests, they meas-
ured the heat transferred to the cold surface cooling fluid and based
the calculation of the average Nusselt number on this value. Measure-

ments of the average Nusselt number were made at 10 degree increments




in the enclosure inclination with respect to the gravity vector from the
horizontal (bottom surface heated) to the vertical. The result was a
Nusselt number-Grashof number correlation for each discrete angle.

Experiments were carried out for only the horizontal, 45 degrees,
and vertical inclination in Housing Report 32 but provided data for very
large enclosures. The work was undertaken to predict heat losses in the
home construction industry and the correlations were later converted by
Tabor for use in solar collector design.

Drobkin and Somerscales [15] conducted an experimental study of
natural convection of liquids coﬁfined by two para]lé] plates and in-
clined at various angles, and Globe and Dropkin [20] conducted a simi-
lar study for the horizontal orientation. The fluids investigated were
water, mercury and 2 and 1000 centistoke oil. These fluids provided a
range of Prandtl numbers between .02 and 11560 and enabled the authors
to determine Prandtl number effects on Nusselt number. The resulting

form of the correlations is:'

Nor 1/3 (Pr)’074

L= C(RaL)

where'FEiis the Nusselt nuhber,Ra is the Rayleigh number, Pr is the

L
Prandtl number, and C is a constant varying from .069 for the horizon-
tal to .049 for the vertical. The results of Dropkin and Somerscales
for the horizontal origntation agreed with those of Globe and Dropkin,
even though. the latter used a circular test section. The test appara-

tus of Dropkin and Somerscales was similar to that of DeGraaf and Van

Der Held with the difference of the two being in the measurement of the

heat flow. Dropkin and Somerscales measured the electrical input to the
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heater and used this in the calculation of Nusselt numbers.

Boundary layer theory suggests a correlation in which the expo-
nent on Grashof or Rayleigh number is 1/4 for laminar flow and 1/3 for
turbulent flow. Dropkin and Somerscales, in their research, assumed
for all inclinations that the flow was everywhere turbulent as evi-
denced by the exvnonent of 1/3 on the Rayleigh number in their correla-
tion. Macgregor and Emery [30] question whether the assumption of turbu-
lent flow postulated by Dropkin and Sommerscales actually existed in the
range of Grashof numbers less than ]06. DeGraaf and Van Der Held re-

port that Nusselt number is a function of GrL'4 for low Grashof numbers

37 for large Grashof numbers at all inclinations; whereas,

and Gr
Catton and Edwards [8] suggest that the exponent should never exceed
.29 for the horizontal orientation. |

The post-1970 period saw rapid advances in both the experimental
and theoretical development of free convection in inclined air layers.
The bulk of experimental work has been undertaken by Hollands et al.,
[24,25;26,34,35,36] at the University of Waterloo and by Catton et al.,
[1,2,3,6,8,9,10,11] at UCLA. The work done at UCLA has been mainly
involved in low to moderate aspect ratio enclosures (H/L < 15).

Ra{thby and Hollands [34,35] formulated a genera1~mode1 which was
later used in subsequent experimental investigations as a basis for

predicting heat transfer rates. This model assumes that the major re-

sistance to heat flow occurs in the boundary layers along the hot and

cold plates, represented by an equivalent conduction layer thickness
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(a thickness of stagnant fluid offering the same resistance to flow as
the boundary layer), whi]e in fhe center the mechanism is by conduction
alone. The resulting equations are analagous to those of condensation
on an isothermal surface.

. The validity of this model was later checked by Hollands, Réifhby,
and Konicek [ZSj in a study of free conveétion in horizontal layers of
air and water. The experimental sefup at the University of Water]oo is
worthy of mention because it represents another method of varying
Ray]efgh number rather than the conQenffona] method of changing plate
spacing and/or temperafure difference. It consists of a 1/2 iﬁch by
25 inch air space maintained at a constant 10 degfees centigrade temper-
ature difference.: The heat transfer is measured only in the central
five inches of the test séction through theluse of a heater-guard heat-
er arrangement. Inherent in this'measuremenf is the assumption that
the flow in the central region is ‘fully developed and that the end
turn-around regions d6 not contribute significantly to the total heat
transfer. The apparatué is then placed into a préssure vessel and
Rayleigh number is varied by varying the vessel pressure. Thi§ study
yielded resu]tg whéch agreed quite well with the model for the horizon-
tal position.

Basea upon Hart's observation that the instabi]ity associated
with inclined air iayers of tilt angles less than 72 degrees is the
same instability associated with the horizontal Benard convection,
Clever [12]Atheoretica11y investigated the possibility that the Nusselt
number at any tilt angle can be scaled from the horizontal simply by

replacing the acceleration of gravity, g, in Rayleigh number by gCOS(#9),
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where g is the collector tilt angle.

Nu_ (8.Ra ) = Nu (4=0,Ra, COS(8))

He showed that for an infinite Prandtl number fiuid and very large as-
pect ratios this substitution is valid and used Dropkin and Somerscales'
and DeGraaf and Van Der Held's data to confirm his conclusions. Buch-
berg, Catton, and Edwards [6] suggested that these results are actually
valid for Tow Prandtl number fluids in enclosures of aspect ratio larger
than 10. Arnold, Catton, and Edwards [1] examined experimentally the
effect of replacing g by gC0S () for inclined layers‘and found good
agreement provided the aspect ratio is greater than three.

The conclusion that g can be replaced by gCOS (¢) in the Rayleigh
number represented a major breakthrough in free convection correlations
for inclined plane layers. Hollands et al., [26] re-examined Clever's
result and were able to justify relaxing the Prandtl number restriction.
The authors then investigated heat transfer in tilted cavities using the
same apparatus from [25] and combared the results for the tilted cavity
to the results from the horizontal using the cosine phi scaling. Ex-
cellent agreement was noted for angles up to 15 Aegrees; but, for larger
angles a departure from prediction was observed. No explanation is
available for these deviations and an empirical modification was made
to the derived equations to obtain a better fit of the data. The re-

sulting equation is:

. 1.6 Ra, COS(g4) 1/3 .
— 1708 SIN(1.88) "°1708 R _

Valid for @ < 60




where [X] = X+ [X]

2
"The above equation was found to fit the experimental data to +5% over
the valid range of tilt angles. Agreement is found to be +10% at 70

degrees inclination.

1.2.3 Ventical FLat PLate Enclosunes

Altempts to arrive at accurate correlations for tilt angles greater
than the roll cross-over angle (72°-78°) have not been fruitfu]i This
is a consequence of the fact that at large tilt angles the flow rever-
sals along the end spacers are mech more severe qnd an aspect ratio
dependency is expected, particularly at smaller aspect ratioe where the
reversals occupy a greater percentage of the area. As a result, it is
imperative that the therma1»boyndary conditipn be known in any experi-
henta] set-up used to investigate tilt angles near verticel.

For vertical flat plates, the functional re]ationship‘between the
1oca1vNusse1t number for the hot or cold surface and the other para-
meters is of the form: |

Nux = f(Gr,Pr ,H/L,W/L,x/L)

where H is the height of the air layer, W is the width of the air layer,
L is the thickness of the layer, and x is the distance along the plate.
Most authors agree that the width to thickness ratio has little or no
effect on the Nusselt number and that the Prandtl number. of air remains
relatively constant. By far, the biggest disparity between authors
occurs in the determination of the effect of the height to thickness

ratio (Aspect ratio) on Nusselt number.

Dropkin and Somerscales varied the aspect ratio for their test
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section between 4.41 and 16.56 and de£ermined that there is .no signifi-
cant affect on Nusselt number due to this variation. DeGraf and Van
Der Held also arrived at the same conclusion for all inclinations.

An interferometric investigation of two parallel vertical plates
[7,17] obtained similar results to those of Brooks and Probert [5].
" Eckert and Carlson measured the hot surface heat flux and used this to

calculate a Nusselt. The authors found that there is an affect of

aspect ratio on Musselt number which contradicts the results of [13,18].

Some authors have found a definite affect of aspect ratio on the
Nusselt number [7,17,58,30,36] for the vertical. However, there is not
good agreement on what the magnitude of the exponent on aspect ratio
should be. The reported range of exponents is from -1/10 [17] to -1/3
[30]. From this, it is seen that that the lower the aspect ratio, the
greater will be the Nusselt number. ‘The'increase.of Nusselt number
above 1 is a measure of convection effects and flow non-uniformities
at the ends of the cell. Bétche]or [4] has shown that the height of
the end affects in the cell is approximately equal to the width of the
cell. Thus, as the aspect ratio is decreased, the end effects occupy
a greater percentage of the cell and the Nusselt number would tend to
increase. A similar but progressively less predominant affect would be
expected as the cavity is rotated to the horizontal.

By making the usual boundary layer assumptions and an order of
magnitude analysis on the resulting equations of motion and the energy
equation, Ayyaswamy and Catton [3] suggest that the results for the
well known vertical cavity can be scaled to tilt angles of less than

90 degrees. The constraints imposed upon the results are:
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1) the flow is in the laminar boundary layer regime, (2)RatSIN(¢) > 1000,
and (3) the tilt angle is between 70 degrees and 150 degrees (top
surface heated). The results compare to those of (10) to within = 4%.

The resulting equation is:
N = Nit —-Qne° ]/4
Nu (8) = Nu (#=90°)SIN(g) 70<g<150

Réitﬁby, Hollands, and Unny [36] héve also undertaken é theoretical
investigation for the prediction of heat transfer in vertical enclosures
bounded by vertical differentially heated isothermal walls and adiabatic
top-and bottom surfaces. This yielded equations for the mid-core
temberature distributioh for the laminar and turbulent boundary layer
régimes. The resulting temperature profiles agree well with those of
[7.17]. The Nusselt nuﬁber-Ray]eigh number correlations that were

derived for the vertical layer are:

- 1/4,.1/4 1/3
No = [1., .75 ¢; A/7Ra)’"", .29 CL Ra "~ Ty

where C] and Ct are functions of Prandtl number 6n1y and MAX indiéates
that the maximum of the values in brackets is applicable. The terms
in brackets fepresent therconduction, 1éminar boundary 1ayef, and
turbulent regimes, respectively. Thelauthors'suggest, without

verification, that RaLéan be replaced by mﬁ§IN(¢) for 70<4<150.
2. EXPERIMENTAL APPARATUS

Figure 1 shows a schematic of the experimental apparatus used

in the investigation. It was designed to provide a two-dimensional
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flow pattern parallel to the glass plates and to have isothermal sur-

faces. The lower surface consists of an 18"x4"x1/2" copper plate while
the upper, of the same size, fs conétructed of aluminum. The copper
plate is eiectrica]]y heated by a flat foil-type heater cemented to
the back and the aluminum plate is cooled by water passing through
channels machined into the backside. Surface temperature measurements
are obtained from nine thermocouples penetrating each plate from the
rear to the front face. Maximum témpe}ature deviations of 1°F over
the surface of the cold plate and less than 3 F over the surface of
the hot were observed at a temperature differences up to 160°F. Each
surface was polished and nickel plated to reduce-radiation contributions
to the total heat flow for energy balance purposes, although the
_interferometric technique is not sensitive to radiétion heat transfer.
Because of the small diameter of the interferometer 1light beam
(3 inches) it was necessary to devise a method of moving the test
section relative to the light path in order to view the entire enclosure
length. A rigid channel consisting of bakelite sides and surrounded by
2 inches of styrofoam insulation was constructed and into which the
test section f{t snugly. Two flat-glass windoWs wére inserted into
opposite sides of the channel so that the»interferometer light begm
could pass through the air layer. The test apparatus could then slide
past the windows so the air layer could be viewed through the inter-
ferometer.in its whole extent while the bakelite channel provided
lateral retaining walls for the air layer. A number of tests were
performed fo determine the time required for-the temperature profiles
of the ai; layer to reach steady-state after the test apparatus had

been moved to a new viewing station (usually at 1 inch intervals). It
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was- found that a steady-state is established within a thirty-minute

time period -and that pictures could be accurately taken after 40
minutes following movement of the test section. )

The aspéct ratio of the air layer was varied using interchangeable
end spacers. These spacers are constructed of -a laminated insulation
material similar to bakelite. Accurate measurements of the temperature
profile along the surface wilh the interferometer showed it to be
very close to linear.

Figure 2 presents a summary of the Aspect ratio-Grashof Number-
tilt angle ranges examiéed in this study. In all cases the plate
length is 18 inches with the sole exception of A=9. In this case a
 false spacer was placed in the middle of the enclosure. The ranges
are limited by the maximum temperature capability of the thermocouples,
the minimum temperature differénce and minimum plate spacing at which
accurate measurements can be made, and the maximum viewable plate spacing.

The Mach-Zehnder interferometer is used to meésure the temperature
profiles, which,in turn, are used to evaluate the local heat-transfer
rates. Thié jsAthe same instrument designed and constructed by Ross
[38]. The interferometer measures the integratéd average of the
index of refrahtion 1ﬁ the light path direction relative to some reference
point (in this case the cold surface). There are equations available
Which relate index of refraction differences to density differences [21],
(the well known Gladstone-Dale Equation, for example), and the:changes in
optiéé] path-length to the temperature differences for uniform pressure

conditions. The localized fringe patterns were photographed for analysis.
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Interferograms were examined on -an optical comparater to determine
the temperature at discrete intervals across the air layer. Near the
surface the temperature points were fitted numerically to a polynomial
using a least squares routine. With the temperature profiles thus |
obtained, the temperature gradients at the wall were obtained by
differentiation. The foregoing steps were repeated at each axial
position where the local Nusselt number was desired.

From the equation

T : 3
g" = -K, =) = h (T,-T.) , (1)
, KN ay)w H ¢
which defines the local heat transfer coefficient at the hot or cold

surface, the following relation

. hL 30 ‘ A
Nuw = ’K—-— - —:) (2)
W .

js obtained for the local Nusselt number based upon the plate spacing,
L, and with the thermal conductivity evaluated at the wall temperature.
Nu, can also be interpreted as the ratio of ankapparent local thermal
conductivity of the air layer to the actual conductivity. However,

in order to be consistent with the reported ljterature, the local
Nusselt number based upon the mean temperature of the hot and cold

- surface is desirable. The mean Nusselt number then becomes the non-
dimensional temperature gradient at the surface multiplied by the

ratio of the thermal conductivity evaluated at the surface temperature

to the thermal conductivity evaluated at the mean enclosure temperature

)w (3)

20
3

kd

K
‘ = .
Mot
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111 transport quantities reported hereafter are evaluated at the mean

enclosure temperature. .The average Nusselt number is found by

numerically integrating the local values over the entire plate length
H - . - .
SHu, dx (4)

" The use of interferometry for the measurement of heat-transfer
coefficients presents certain advantages over-conventional methods.
The most important is that it permits accurate determination.of
loca1 temperature profiles and heat fluxes without physically inter-
fering with the flow field. It also gives information on the flow
field simultaneously over a fairly extended region and is completely
free of inertia (and this is particularly important when analyzing
regions which contain marginally unstable flows). Since the inter-
ferometer detects only density differences, the results require no
correction for radiation contributions to the convective Heat transport
provided that the medium is non-participating in.the radiative
transport.

However, the use of interferometry and the 3" U.W. interferometer
festricts the size and orientation of enclosures that can be analyzed.
As previously mentioned, the.index of refraction, and therefore
density, is integrated along the light path. This presents no
.§pecia] problems in disturbances which are two-dimensional or
gxisymmetric but makes analysis of three-dimensional disturbances

difficult. It was not possible to accurately analyze horizontal

“air layers in which highly three-dimensional Bénard convection
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cells occur. An attempt was made using time lapse photography and

averaging of the resulting Nusselt numbers; however, they fell
consistently and considerably below the values reported in the
literature. Other physical restrictions imposed upon the system
were:

(1) The choice of a 4" width of the cell in order to
minimize refraction effects. Refraction of the
1ight beam occurs in traversing a disturbance in
which there are transverse index of refraction

“gradients. These can be significant in cells of
Targe width [21].

(2) Enclosure tilt angles less than 33° from the
horizontal could not be studied due to physical
interference of the test apparatus with the
reference beam of the interferometer.

(3) Plate spacings were Timited due to the 2" x 3"
eliptical shape of the interferometer field
of view. This constraint also puts an upper

1imit on Grashof number of about 3 x 10°.
3. HEAT TRANSFER RESULTS

3.1 Conduction Regdime

Heat transfer in the conduction regime is traditionally characteri-
zed by purely molecular conduction in the center of the enclosure. In

this region, Ny = 1. It is known that there is a net fluid motion

as evidenced by the convective transport in the end turn-around




’
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regions where NuL # 1. Analysis of interferograms for this case

shows that there is, in fact, a boundary layer which develops on

‘each surface and merges quite rapidly. In the boundary layer, there

is no net convection in the center section of the cavity.

In the lower corner of the hot plate and the upper corner of
the cold plate (termed the startiné corners.by Eckert and Carlson
[17]) the local heat transfer coefficient is larger than the average
by a factor of at least two. _In the upper cbrneriof the hot plate
and lower corner of cold plate. (termed the departure corners) it
is lower. As would be expected of cavity 'flows in which there are
not significant differences in temperature between the hot and cold
surfaces, there is unicellular flow (termed the base flow by Hollands
et al. [26]) and the flow is assymetric about the cavity midpoint.

In this case the local Nusselt number bfdfi]és aléng the hot and
cold plates are the same with fespect to the sfarting corner.

For ]arge Aspect Ratio enclosures the end turnaround regions do
not occupy a large portion of the enclosure, i.e. they do not
penetrate to the center. In this case one would expect the local
heat trahsfér in the ends to be a function only of the plate spacing,
L, and'independent'of the plate lengths,.H. Eckert and Carlson [17]
havé'investigated the Vertica]foriehtation with the'interferometer

and foundvfhe‘re1ation for local Nusselt numbers in the corners to be
Nux = f(er, X/L).

They have found the relation for the local heat transfer in the

starting corners to be
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Nux,s = .256 Gr, g = 90 (5)
and for the departure corners to be
- .4 _.55 - [
Nux,d = 2.58 er (GrL) $ = 90 (6)

where x is the distance measured from the respective corners.

We have chosen to parallel the Eckert and Carlson study while
extending the results to other collector tilt angles. Figure 3 shows
a representative plot of local Nusselt number versus non-dimensional
plate length for ¢ = 60° and GrL = 4000. As shown by Hollands and
Konicek [24] this value of GrL is below the critical Grashof number
for this angle of inclination. It is evident that there is a signi-
ficant departure from conduction in the starting corner while the
departure corner has a mild deviation from conduction. The location
of the maximum and minimum in the starting and departure corners,
respectively, is a consequence of the boundary conditions imposed
upon the spacers. The linear temperature profile forces the Nusselt
number to approach one as x goes to 0. As a result there are very
sharp gradients in the local Nusselt profiles near the spacers and
these have been neglected in determining correlations for local
Nusselt numbers, Nux, as a function of distance from the corners.

The resulting correlations for heat transfer in the starting

corners are:

Nu ¢ = .30 ero.21 g = 75° (7)
Nu, g = .30'ero'2] é = 60° (8)
Nu, = -26 GrXO’Z] g = 45° (9)

v
D
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The above equations present a method of determining the magnitude

of the end effects in the starting corner for the conduction regime.

The heat transfer coefficient decreases monotonically until. it

reaches a point where the local Nusselt number equals unity. This

point is called the penetration depth, xp. Eckert and tar]son present

a detailed proceduré for finding the penetration depth and the

average heat transfer in the corner. The penetration depth expressed

as the ratio of the penetration depth to the plate spacings and the
average Nusselt numbers in the starting corners are given by the

fol]owing relations

. 0.5 T  _ R

X, s/L = 0.043 Gry Nu_ ¢ =1.62 $ =75 (8)
) 0.5 — . _ cno

Xp,s/L = 0-043 @r~ Nu_ ¢ = 1.62 $ = 60 (9)
) 0.54 o . _ aro-

Xp,s/L = 0.031 6r, Nu, o = 1.62 g = 45 (10)

The heat transfer rate in the departure corner was found to
be a function of the plate spacing. Eckert and Carlson found the
parameter which includes the plate spacing and adequately deééribes
the heat transfer to be GrL. They arrived at the following correla-

tion for Nux d

_ 4 . -.55 . _ ano
Nux,d = 2.58 er GrL g = 90 ‘ (11)

where x is now measured from the departure corner. They also

found the,depa}ture distance and average Nusselt number to be .

. e
Xp,d/L = .00875 Gr| (12)

' g = 90°

NUL’d'= o835
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Again, the same form of equations was chosen to correlate the present

results for other tilt angles. The following equations were found-

to fit the data

Ny g = 2.85 Gr:? or %
Ko/l = .0051AGrL75 4 = 45°
NG g=-833 e
Mo g = 3.2 6% Gr) >
Ky qlt = -003 GrL?s # = 60°
N@L’d = .834
Nu g = 3.27 or:* Grr -2
X /L = .0027 Gr:'° ¢ = 45°
p,d L
EEL,d = .835

From the above it can be seen that the penetration depth in the
departure corner for a vertical enclosure is substantially larger

than that for inclined enclosures

The -computation of heat transfer rates in the conduction regime
is a special case because the Nusselt number in the center of the en-
closure is known to be unity provided that the end turnaround regions

‘do not penetrate to the center of thé cell. The average heat transter

coefficient along the plate surface is given by

(14)

(15)




h=5[hX _+h(H-X

s'p,s p,s-xp,d) * hd)(p,d:|

or defined in terms of Nusselt numbers.

NuL =1+ (NUL,S'])Xp,s/H + (NUL,d'])Xp,d/H

- Equations (5) thrﬁ (15) can be substituted into (17) to determine

the average heat transfer rate for a given collector in the

conduction regime.

3.2  Laminan Boundary Layenr Regime

" When the Grashof number is increased beyond the critical value,
the base flow becomes -unstable and buoyancy driven laminar boundary
layers form‘on the hot and cold surfaces. For small Grashof numbers
the- thermal boundary layers build up in a manner similar to flow
over vertical heated and cooled flat plates in an infinite medium.
The boundary layers are relatively thick and merge together in the
-center of the cavity. An analysis of interferograms taken under
these conditions shows that the major portion of the heat transfer
occurs in the boundary layer by convection while in the center a
small portion is transferred by conduction. This phenomena of the
boundary layer regime is generally referred to as the transition
region or the assymptotic boundary layer region. The local Nusselt

number profile, Nu js characteristically a continuously decreasing

L ?
function of distance along the plate as shown by aspect ratios (A) of
12 and 14.4 in Figure 4.

A further increase in Grashof number results in the formation
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of individual laminar boundary layers-on the hot and cold surfaces
separated by a region which is thoroughly mixed by eddy diffusion.
Continuous observations of the temperature profiles shows that the
fluid in the boundary layer flows in laminae. In the center,
continuous mixing occurs and eddies can be seen to randomly separate
from the outer edges of the laminae and disappear into the core.
This mixing effect results in large scale perturbation§ of the
temperature profiles near the Boundary. The temperature profile
across the cavity therefore varies significantly with time. Eckert
and Carlson also noted the fluctuations of the temperature in the
core and the low frequency fluctuations of the temperature profiles

in the boundary layer when the Nusselt profile flattened out [17].

They termed these fluctuations as turbulent, but, they are large
relative to the width of the cavity and should more correctly be
called unsteady.

Figure 5 shows four interferograms téken in the center of the
enclosure for a tilt angle of 75°, a plate spacing of .75", and a
Grashof number of 26000 These pictures were taken at different
times to show the effect that eddy diffusion in the core has on the
cavity temperature distribution. An analysis of free convection
under these conditions requires multiple pictures to obtain a time
averaged local Nusselt number. The Tocal Nusselt profiles for heat
transfer in this unsteady region of the laminar boundary layer regime
show a flattening, or plateau, in'the center of the enclosure where
eddy effects occur. Figures 6 and 7 show characteristic profiles.

The actual data points are shown on the figures demonstrating the wide
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fluctuations of local Nusselt number in the enclosure center. The
constant local Nusselt number in the center of the cavity means that
the local wall heat flux is a constant. Therefore, there is no
boundary layer buildup here and the main transport mechanism is

eddy diffusion across the channel.

3.2.1 Local Heat Transger
The formation of the boundary layers in the starting corner
strongly resembles that which occurs in the flow of air over a
vertical heated plate in an infinite medium. This suggests that the

locail variations of the Nusselt number, NuL , can be correlated by
Nu_ = C Gr" (18)
X X ‘

for any given angle, where C and n are constants. The characteristic
distance, x, is the distance from the starting corner. A correlation
of this form must, however, exclude the region close to end spacer
because as for the conduction fegime, the local Nusselt profile

must fit the temperature profile on the spacer, i.e.

The maximum NuL , generally occurs within the first half inch of

the enclosure. We have found that the characteristic temperature
differénce’used in Grashof number which accurately describes the

heat transfer process is (TH—TC) whereas Eckert and Carlson found it
to be (Tw-Tm) where T is the temperature in the centerline of the
enclosure at the position x. We have used the temperature difference

(TH-TC) in our work.
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Figure 8 presents the resQ]ts of a least square analysis of all
experiments for angles of 45, 60,_75, and 90 degrees. The rangé of
aspect ratios frpm 9 to 24 correlates quite well when the properties
are evaluated at the mean temperature of the hot and cold plates. Note
that both the runs in the transition région’and in the reg{on'dominated
by the eddy diffusion effect correlate equally we]i inté aAsing1e
line. A least square fit of the data results in the following

equations which fit the experiments to within 5%:

_ 222 o
Nu, = 335 Cr; % = 90
Nu = .292 or; 28 ¢ = 75°
(19)
_ 245 e
Nu, = 232 Gr, 6 = 60
_ .245 e
Nu, = .238 Gr; ¢ = 45

Attempts to correlate the local variations of the heat-transfer
coefficient in the departure‘end are complicated by the fact that
the flow in this area resembles flow into a stagnation point. As
such, there éppears to be an effect of plate spacing as well as tilt
angle on the results. The experimental results for ¢ = 90 degrees
are shown in Figure 9. A1l test runs usiﬁg the same plate spacing
appear to correlate well regardless of GrL and the plate length.

The single dominant effect is apparently the plate spacing. This
prevents. the use of a non-dimensional quantity as the correlating
parameter. We aré continuing efforts to arrive at accurate |
,. correlations for predicting the local heat transfer in the departure

corner.
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For tilt angles less than 90° the penetration depth in the
starting and departure corners becomes progressively smaller as the
-angle is decreased due to the introduction of the component of the
bouyant force perpendicular to the wall. Figure 10 demonstrates the
effect of tilt angle on the local profile for an aspect ratio of 18
and a Grashof number of 93000. At angles of 45° and 60° the. end
effects occupy approximately the same area as evidenced by equation.
(19) and play less of a role in the total heat transfer. For all
runs at 45 and 60 degrees the end effects failed to penetrate to
the center of the enclosure for aspect ratios greater than 12. This
suggests that the measuremeﬁts of Holland's et al. [26] in which the
heat transferred is measured only in the center of the enclosure is a
valid method. |

~ At angles near vertical the disturbance caused by the corners
occupies a much larger portion of the enclosure and may in fact
-occupy the whole area. It is to be expected that any effect of
aspect ratio on the total heat transferred would be evident at this

angle. Figure 4 shows three aspect ratios for the vertical orientation

. at a Grashof number of 93,000. It is evident that the lowering of

the aspect ratio from 18 to 14.4 and 12 has the effect of forcing the

flow into the transition region of the laminar boundary layer regime.



Average Heat Thansgen

For all experimental profiles the local Nusselt numbers have been
integrated using equ.4 to determine the average. From an examination of
the equations of change for this system one would expect the average

heat transfer to Se of the form

NuL = f(GrL5 Pr, H/L, W/L, $). (20)

fhé width aspect ratio, W/L, can be neglected if the caVity is large
‘eﬁough in the fransverse'direction (in the 1ight path direction for
this study). An examination of Fig. 4 reveals that the effect of the
height aspect ratio (H/L) on the averaae heat transfer is actually de-
termined by the penetration depth of the disturbances in the starting
and departure corners. “For very large collectors these disturbances
may each occupy a relative small area separated by a region in which
NuL is essentially constant. As the collector length decreases the
disturbances occupy a larger area until the point is reached where the
entire enclosure is occupied by end effects. For a fixed plate spacing
and Grashof number, the end effects occupy a smaller portion of the
collector érea as the angle from the horizontal decreases. " The largest

end effect is in a vertical collector. This is due to the introduction .

of the component of bouyant force perpendicular to the wall which
forces the boundary layers to develop faster. This effect is evident
on Figure 10. Where, for the same Grashof number"qnd'aspect ratio, the
end éffects decrease as ¢ decreases.

Equations have previously been presented for computation of average




heat transfer in the conduction regime; These equations and Figure 3
show tﬁe aspect ratio effect on the total heat transfer. For the pro-
file shown on Figure 3 the local Nusselt number.in the center of the
enclosure is approximately one while there is a significant departure
from this value at the ends. For experiments in whicﬁ»the heat trans-
fer is measured only in the center 5 inches of the enclosure, NUL would
be measured as equal to 1. For this run, NUL evaluated over the entire
18 inch plate 1éngth js 1.06 a difference of +6%. If the plate length
is longer, then the penetration depth is the same and ﬁUL,Afound by
integrating over the length, approaches 1. -

Heat transfer in the boundary layer regime is complicated by the
fact that there are two distinct flow patterns: one in thch the bound-
ary layers join together and one in which the boundary layers are separ-
ated by a mixed core. In the case of the separated boundary layers |
NUL is accurately reflected in the Jocal Nusselt numbers in.the center
‘bf_the cavity. This is not so when the boundary layers have joined.
However, while there is definitely .an aspect ratio effecf.on the local
profi1e due to the different boundary layer structure, the integrated.
average Nusselt number does not show any significant aspect ratio effect
for the range of aspect ratios examined.in this study. In all runs in
whi;h there is an effect on the local profiles, NULAfor the smaller a
exceeds that for the larger in the starting corner, while in the de-
parture corner, the va]ueAfor the higher A:exceeds that for the smaller,

The net effect is to bring the averages into close égreement, An ef=-

fect of aspect ratio of the magnitude predicted by [17] and [18] was

not noted.
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. Figures,]] and 12 present a comparison of these results with_?orrea
lations of past reports whi;h have found no aspect ratio dependency for
tilt angles of 45 and 90 degrees respectively. In genéra] the results
fall midway between the correlations. Figure 13 compares thesg results
with the correlation of Hollands et al., the correlation for 45° is
also shown; howgver, the 60° curve f&11s.virtua11y on top of the 45°
curve. The preSent_resu]ts-fal] somewhat below the curve but follow
the same general trend. The data points at the lower end fall above
the correlation because of the effect of aspect ratio.in the conduction
regime described earlier.

Rgfgrence [36] suggests that the results in the well studied

vertical cavity can be scaled to angles as low as 70°. The suggested

' correlation is

R L. /4 59¢. (Ra, sin ¢)V/37.. .
Nu, = [1, .75 C,A ».29C, (Ra, 'sin #) " “]gay

(21)

(RaL sin ¢)”
where
9/16]4/9

Cz = .50/[1+(.49/Pr)

- .084
.and Ct = [.14Pr , ']SlWIN
Figure 14 shows this correlation for NUL, the correlation of [13] and
[32], and some results from this study plotted versus tilt angle. Equ.

21 predicts Nu, to be an increasing function of tilt angle while this

L

l study and the results of [13] and [32] preditt-ﬁﬁL'to be a decreasing

function of tilt angle.

This observation suggests the possibility of scaling the results of

’¢ = 45°.to larger angles. . e attemnted to correlate the data as‘N'uL vS.

RaL.cos(¢=45°). However this failed to pull the results for various

tilt angles together. We found that a plot of NuL VS. RaL cos?(g-45°)




resulted in a good correlation. The data, correlated on this basis, is
shqwn on Figure 14. A lease‘square fit of the data results in a correla-
tion of the form

Nu

= .]18[RaLcosz(¢-45° 45° < ¢ < 90° (22)

.29
] 3)

which fits the data to.1_8%. This provides a cor}elation which is
continuous over a range of tilt angles from 45° to 90°.

The desjgner interested in determining the magnitude of end effects
for flow in the separated boundary layer regime now has some of the tools
necessary to do this. When an estimate of the local variations of the
heat transfer coefficient in the separated boundary layer regime is desired,

(1) using equ (22) or the correlation of one of the referenced

authors to determine NUL in the center of the plate.

(2) using equ's. (19) to generate the local profile in the start-

ing corner and extending this until it meets the center value
from step 1.
(3) using an as yet to be developed equation for predicting the
local profile in the departure corner.
will generate a typical local ﬁﬁL profile.
Hork is also progressing on a method of determining local profiles
for flow in the transition region.
The experimental results for the average heat transfer are giyen

in Table 1.
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TABLE 1

Enclosure “'Aspect’ - - Grashof .Average Nusselt
Angle Ratio Number, GrL Number, NuL
28 - 36000 “1.95
16000 1.43
9600 - 1.12
90° 18 37000 1.84
-9000 2.51
210000 3.14
14.4 91000 2.50
35600 . 1.85
12 98000 2.50
: ' 210000 2.93 .
i ’ L
| 36 4230 . +1.09
| : . 18 192500 - 2.72.
1 76°
| 12 225000 3.17
9 85000 - 2.65
| 36 4000 1.06
18 93000 2.9
| 60° . . :
12 210000 3.40
9 93000 2.82
36 4000 1.10
18 54700 2.76
93000 3.06
45°
14.4 33000 2.49
10.3 370000 4.44
9 90000 2.95
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Figure 5: Interferograms taken at random times showing
eddy effect at cavity mid-height for Gr1=26000,
A=2L. Dark lines are lines of constant temperature.
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