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Abstract—Laminar and turbulent free convection in water from a downward facing inclined flat plate with

uniform-heat-flux has been investigated. A system of baffles and a cooler is employed in order to eliminate the

constraints of the finite volume of the water tank. Heat-transfer correlations are presented for the laminar

and turbulent flow together with transition criteria. Mean boundary-layer temperature profiles and, in the
case of turbulent flows, temperature fluctuations are also presented.

NOMENCLATURE
g, gravitational acceleration [m/s*];
Gr¥, local modified Grashof number,
gBa"x*[kv?;
h, local heat-transfer coefficient [W/m2K];

k, thermal conductivity [W/mK];

local Nusselt number, hx/k ;

Pr, Prandt! number;

¢",  local heat flux density [W/m?];

local modified Rayleigh number, Gr#* Pr;
T, temperature [K or °C];

7', RMS fluctuating component of
temperature [K];

coordinates parallel and perpendicular to
plate, respectively [m].

X Vs

Greek symbols

B, thermal expansion coefficient [K™!];
1 oC
5 ~ | (T-T,)dy,
Oha 7:4 — Tm JO ( ) y
thermal displacement thickness [m];
o, angle of inclination to vertical ;

positive for an upward facing plate,

negative for a downward facing plate ;

y {Gr;‘Pr cos ¢ T/S
1, M ;

s

X 5
v, kinematic viscosity [m?/s].
Subscripts
w, conditions at the wall;
o, ambient, i.e. conditions far away from
wall.
INTRODUCTION

THE STUDY of free convection from an inclined plate
has received comparatively little attention compared
with the classical study of the vertical plate. However,

T Lecturer, Department of Mechanical Engineering.

i Previously Research Student, Department of Mechanical
Engineering. Present address: Risley Nuclear Power
Development Laboratory UKAEA,, Risley, Warrington,
Cheshire.

HMT Vol. 21, No. 2—C

investigations of laminar free convection from inclined
plates [1-5] have produced heat-transfer correlations
using plate surface temperature readings, mostly with
a heated plate at a uniform temperature. A theoretical
analysis based on perturbation theory was also pre-
sented in [2] which covered a range of angles from
—60° £ ¢ < 60° All these papers showed that the
vertical plate theory was adequate provided the gravi-
tational force parallel to the plate was used.

Transition from laminar to turbulent flow has been
studied experimentally in [6, 7] for isothermal inclined
plates. More recently it has been shown theoretically
[8] that the neutral stability curves are displaced to
lower Grashof numbers on going from a downward to
an upward facing plate.

Turbulent free convection on a vertical plate has
been studied by several investigators [9-11]. For an
upward facing inclined plate [3] showed that the heat-
transfer coefficient was independent of plate angle
whereas [12], using mass-transfer techniques, showed
that it was proportional to the angle of inclination.
However, no data for turbulent flow are available for
the downwards facing case.

This paper presents a study of free convection from a
downward facing inclined plate. The results extend the
data for a uniform-heat-flux plate in the laminar
regime and include a new transition criterion and
novel turbulent flow heat-transfer data.

EXPERIMENTAL METHOD

The experiments were carried out in a water tank,
1.83m long by 1.83m high by 0.76 m wide. On one of
the larger sides of the tank a plate-glass observation
window was installed and the adjacent side wall had a
narrow perspex window. The heated plate, 1 m long
and 0.61m wide, consisted of an electrically-heated
copper—nickel foil backed by silicone rubber and a
phenolic sheet. The heating element consisted of five
strips of 0.05 mm thick and 12.2 cm wide foil heated by
alternating current. The strips were placed adjacent to
each other with a spacing of 2mm between them and
connected in series. The variation of thickness of the
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foil produced only +6", variation in energy dissi-
pation. The centre foil was the test section with the
remaining four foils acting as guard heaters. Thirty-
three insulated copper constantan thermocouples
were attached to the inner surface of the test section
and twelve across the plate to check for any variation
due to edge cffects. The power supply gave a stepless
output of O- 82V (50 Hz) with a maximum current of
3TSA.

The outputs from the thermocouples on the heated
platc and also in the bulk fluid were recorded on
magnetic tape using a data logging system. Sub-
sequently the signals were processed from analogue to
digital form and averaged by a mini-computer. Tem-
perature distributions were investigated using a
traversing thermocouple probe. The probe traversed
the boundary laver perpendicular to the plate. The
thermocouple probe was made from 0.2 mm diameter
copper -constantan wires, and the probe could be
positioned to within 0.05 mm.

Because of the low frequency fluctuating tempera-
tures encountered in the transition and turbulent
regimes, the signal from the temperature probe was
amplified and recorded on magnetic tape. The signal
was recorded for a period of 100s and then digitally
sampled cvery 0.1s with the appropriate statistics
being obtained by averaging over 1000 samples.

Experience with a smaller rig [13] had shown that
care should be taken to ensure that no unwanted flows
were present in the main bulk of the fluid away from
the plate. Therefore, bulk flow patterns outside the
boundary layer were observed by photographing
small neutral density polystyrene particles suspended
in the water and illuminated by a light source. Initial
flow visualization showed that with the rig running at
full power, several large tecirculating vortices were
produced. To prevent the vortices forming, a baffle and
cooler system was used (see Fig. 1).

The plume of water leaving the trailing edge of the
plate rose to the surface of the water and extended
along the top of the tank producing a vortex. An
adjustable baffle was used to prevent the vortex
disturbing the main bulk of the fluid. At the top right-
hand corner of the tank, a tubular heat exchanger was
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Fi1G. 1. Configuration of heated plate. cooler und baffle.

used to cool the water. The cooled water flowed slowly
down a passage at the far end of the tank opposite the
heat transfer surface, and returned slowly into the
main bulk of the fluid. The constraints of finite size
were thus avoided.

As the position of the plate was changed, it was
necessary to change the angle of the adjustable baffle to
retain the gap between the trailing edge of the heated
plate and the edge of the baffle. For angles less than
—45" the adjustable baffle was not required, a vortex
forming above the plate but not interfering with the
flow beneath the plate. At angles less than — 80" the
plate was moved higher in the tank so that a larger
volume of water was beneath the plate and the
complete baffle system was removed but the cooler
retained.

De-aerated, de-tonized water was used for all experi-
ments 1o avoid air bubbles forming ou the heated plate
and to minimise electrical leakage through the water.
After the angle of inclination of the plate had been set.
the water was thoroughly stirred to ensure a uniform
temperature in the tank. The heated plate was then
switched on after the disturbances in the water had
died away. Alter the flow had reached a quasi-steady
state, the difference between the centre line thermo-
couples and those near the plate edges was less than
5%, for all angles of inchination, indicating that the
heat-transfer phenomena were approximately two-
dimenstonal.

LOCAL HEAT-TRANSFER MEASUREMENTS

The temperature distribution along the heated plate
surface was investigated for a range of heat flux density
and angle of inclination. Figure 2 shows the wall
temperature distribution along the vertical plate. As
the heat flux density was increased, the point of
transition occurred nearer to the leading edge of the
plate. In the turbulent region there was a gradual
increase in temperature along the plate. The variation
of wall temperature distribution against distance along
the plate for three angles of inclination is shown n Fig.
3. The three cases have approximately equal heat
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Fi, 2. Wall temperature distributions along the verlical
plate.
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FiG. 3. Wall temperature distributions along the plate for
inclinations of 0, —45 and — 80°.

fluxes. As the angle of inclination changed from the
vertical to — 80°, the point of transition moved further
up the plate. This is to be expected because the flow
becomes more stable, the further the plate is from the
vertical.

Laminar flow data

Heat-transfer measurements were obtained for
angles of inclination from 0 to —86.5° and heat flux
densities from 3 to 20kW/m?. The data were cor-
related and the following equation was obtained:

Nu, = 0.592(Gr:PrCOS ¢)1/5 (1)

with a standard deviation of 7.47%,. Correlating the
data with equations derived by an approximate
theoretical solution [13, 14] resulted in the following
two expressions:

Nu, = 0.630Pr2/5(Pr+0.8—0.15Pr sin ¢)~ /5
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and
Nu, = 0.619Pr3(Pr4+0.8)” 1/
x {140.798f (Pr, Gr¥, ¢p)tan @] 13
x (Gr¥cos ¢p)'/°

©)

where

f(Pr,Gr, ¢)
= Pr=?5(0.8+ Pr)3(Gri cos ¢)~ /3

both with standard deviations of 7.46%,. The various
correlations are compared in Fig. 4 for Pr = 5.

The theoretical solutions of [13, 14] predict a coef-
ficient of 0.600 in equation (1) compared with the value
of 0.592 presented here and 0.546 presented earlier
[13]. The lower value of [13] is probably caused by
the varying heat flux along the plate surface which
gave a greater scatter and also gave a shift toward the
isothermal boundary condition (for which lower
values of heat transfer are to be expected). An attempt to
correlate the data of [ 13] into the form of equation (2)
resulted in a large coefficient for the sin ¢ term, and
when a correlation of the form of equation (3} was
attempted, no satisfactory value of the coefficients
could be found to cover the range of inclination. This is
believed to be caused by stratification in the main bulk
of the fluid, which changes the heat-transfer coefficient
[15] and [16]. The stratification in the bulk fluid in
[13] was ~5°C/m compared with ~1°c/m in the
present study. The variation of stratification along the
plate as the angle of inclination is changed accounts for
some of the difficulty experienced in correlating results
over a wide range of inclination. For the smaller rig
used in the earlier work [13], the results of Schwind
and Vliet [ 17] suggest that the heat-transfer data were
obtained in an “intermediate stratification” stage
where the plume of hot water leaving the plate is

x (Gr*cos $)/5 (2) beginning to penetrate the unstratified region.
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F1G. 4. Comparison of experimental and theoretical results for laminar flow.
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Transition data
Theory predicts for laminar flow that Nu,

x (GrEPr)¥S. By plotting the heat-transfer results as a
graph of Nu, /(Gr*Pr)*'® against log (Gr}Pr), as sug-
gested by [12], it is easier to see whether this re-
lationship is obeyed by the data and the point of
transition is made much clearer. This criterion was
applied to the results for a range of angles of in-
clination, and Fig. 5 shows the variation of transition
Rayleigh number with angle of inclination. Other
techniques have been used to establish transition. For
example, Tritton [18] used a fibre anemometer to
detect local turbulence, and Lock et al. [6] used local
thermocouple probes to assess transition. However,
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the data better than the ordinary gravity component
{cf. [3]). Figure 6 shows the turbulent heat-transfer
data.

There is little agreement on the power of the
Rayleigh number amongst the various investigations
that have been undertaken. Published data reveal a
wide range of values for the index of Gr¥, values from
0.22t00.29 being quoted [ 3,9-12. 19]. The slope of the
data for the present investigation is less than the other
correlations but the data points lie within the large
band of scatter of the correlations.

The difference in turbulent heat-transfer coefficients
between an upward and downward-facing inclined
plate may be due to the separation of the boundary
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Fi1G. 5. Transition data for upwards and downwards facing plates.

the transition data of Viiet [3] for uniform-heat flux,
which are also shown on Fig. 5, are based on the
Jocation of the decrease in wall temperature associated
with transition. The agreement between the present
study and [3] at the vertical position indicates reason-
able compatibility between these different criteria for
transition, although comparison with methods based
on the detection of local disturbances could produce
large discrepancies.

The following correlation was derived to calculate
the transition Rayleigh number for a downward facing
plate

RaX = 6.31 x 1012¢70:070%
(—70° < < 0°).  (4)
Turbulent flow
Turbulent heat-transfer data were obtained for
angles of inclination of 0, —17.5 and —31.67° and
covered a range of Rayleigh numbers of 5.3 x 10" to
9.23 x 10**. The best fit curve through the data was:

Nu, = 0.889(Gr* Pr cos ¢)*-2%° (5)

with a standard deviation of 6.59%,. It was found that
the gravity component parallel to the plate correlated

layer from the plate which occurs for an upward-facing
plate but not for a downward-facing one. The separ-
ation could cause an increase in heat-transfer co-
efficient.

Figure 7 gives a comparison of the local heat-
transfer correlations for the laminar transition and
turbulent regimes. The increase in Nu, in going from
laminar to turbulent flow is displayed.

BOUNDARY-LAYER TEMPERATURE PROFILES

Laminar boundary-layer temperature profiles were
obtained over a range of angles from 0 to —88.5° and
Rayleigh numbers from 2.2 x 10'° to 1.9 x 10**. The
heat flux and plate surface temperatures were obtained
by extrapolating the temperature to the wall, the
gradient of the curve giving the heat flux. Agreement
within 5% was obtained with the heat flux and plate
surface temperature obtained from the plate surface
thermocouples.

The temperature data were normalised using (T
~TT,~T,) and the distance from the plate by
(3/x)[Gr¥ Prcos ¢/5]'°. Figure 8 shows a selection of
results for the variation of normalised temperaturc asa
function of distance from the wall for angles of
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F16. 7. Laminar and turbulent heat-transfer correlations for free convection from an inclined plate.

inclination of 0, —16.83, — 60 and — 85° from the verti-
cal. The data covered a range of Prandtl numbers from
4.5 to 6.5. The experimental data were also compared
with the vertical plate theory of [20].

For the vertical plate, there was excellent agreement
between theory and experiment. As the plate moved
towards the horizontal, the experimental points began
deviating from the theoretical curve up to —80° from
the vertical. At angles between —80 and —88°, the
results taken at small x were below the curve but at
higher x they were above the curve.

An alternative method of presenting the results [9],
which employs the thermal displacement thickness, is
used in Fig. 9 which shows the thermal boundary-layer
profiles for laminar and turbulent cases. There is a
steeper profile for turbulent flow. This figure also
compares the vertical and inclined plate mean turbu-
lent boundary-layer temperature profiles with the data
of Vliet and Liu [11]. Good agreement was found
between the two sets of data.

Temperature fluctuations were measured at various
points throughout the boundary layer and a typical set
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of traces is shown in Fig. 10 for an angle of inclination
of —14.5° and Ra* = 5.28 x 10'*. Figure 10a, taken at
the outer edge of the boundary layer, shows inter-
mittency typical of that described in [18] as local-
ized bursts of turbulence which spread into surround-
ing laminar fluid. As one proceeded towards the wall,
the asymmetry began to disappear (Fig. 10b) until at
y = 0.15, (Fig. 10c) the turbulence was symmetric.
However, the lack of compensation for the thermal
inertia of the probe precludes quantitative interpre-
tation of these results.

The RMS values of the turbulent temperature
fluctuations as a function of y/d, are presented in Fig.
11. The intensity increased as one proceeded towards
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F1. 10. Temperatare fluctuations in the boundary fayer

the wall until it reached a maximam of v/, = 0.25
where it began to decrease. A graph of turbulent
velocity fluctuations in the boundary layer from Viiet
and Liu [11] showed a maximum at a similar value.

CONCLUSIONS

An experimental study has been made of quasi-two-
dimensional free convection heat transfer from a
downward-facing inclined flat plate and the following
conclusions were obtained.

(i) Local laminar heat-transfer measurements were
found to agree well with theory and other workers. To
a first approximation, the data may be correlated using
the vertical plate theory modified to include the
gravitational component parallel to the plate. For
angles less than — 70° the data began to deviate from
this correlation and the following alternative overall
correlations are proposed to cover the range 0 to ~ 86
Nu, = 0.630Pr*3(Pr+ 0.8 ~0.15Pr sin M

< (Gr¥cos ) ?
and

Nu, = 0.619Pr2/5(Pr+0.8)" '~

% [1+0.798f(Pr, Gr¥, p)an ]’

x (GrEcos )
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The coefficients of the sin¢ and tan¢ terms in
equations (2) and (3) increase with increasing stratifi-
cation. The correlations above are for a bulk fluid
stratification of ~1°C/m. Comparison of these results
with earlier measurements [13] is complicated since
there is not only a greater stratification in those
experiments but also some variation from the uniform-
heat-flux condition. The latter is believed to account
for the overall increase in Nusselt number from {13] to
the present work.

(i) Transition on a uniform-heat-flux downward
facing inclined flat plate was found at a condition
determined by the critical Rayleigh number, Ra}

= 6.31 x 1012 exp (—0.0705¢). The results agreed with -

previous work at the vertical position.

(iii} In the turbulent regime for free convection heat
transfer, the local heat-transfer coefficient may be
found from the correlation:

Nu, = 0.889(GrxPr cos ¢)>2°%

over the range 0 < ¢ < —31° Although there is
considerable variation in the previously published
data, this correlation of data falls within the scatter
band.

(iv) Boundary-layer temperature profiles were ob-
tained over a wide range of Rayleigh number and angle
of inclination. The laminar flow profiles agreed well
with the vertical plate theoretical profiles if the gravity
component parallel to the plate surface was used.

(v) The turbulent temperature fluctuations in the
boundary layers showed a maximum value at about
y/0, = 0.25, which is similar to the variation in turbu-
lent velocity fluctuations previously reported [11].
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CONVECTION NATURELLE AUTOUR D'UNE
PLAQUE PLANE, INCLINEE. A FACE
TOURNEE VERS LE BAS

Résume -On étudie la convection naturelle laminaire ou turbulente dans I'eau. pour une plaque plane.
inclinée, & face tournée vers le bas et chauffée a flux uniforme. Un systéme est employé pour éliminer
les effets de volume fini du réservoir d'eau. On présente les résultats du transfert thermique pour les
¢coulements laminaires et turbulents avec les critéres de transition. Les profils moyens de¢ température
dans la couche limite et, dans le cas des Ceoulements turbulents, les fluctuations de température. sont
présentés.

FREIE KONVEKTION AN DER UNTERSEITE EINER GENEIGTEN.
EBENEN PLATTE

Zusammenfassung —Es wurde die laminare und turbulente freic Konvektion einer gencigten ebenen

Platte in Wasser mit gleichmissiger Wirmestromdichte untersucht. Um die Einfliisse des endlichen

Volumens des Wasserbehiilters zu eliminieren, wurde ein System von Leitblechen und ein Kiihler

installiert. Es werden Wirmeiibergangsgleichungen fiir die laminare und turbulente Stromung im

Zusammenhang mit den Ubergangskriterien engegeben. Die mittleren Temperaturprofile in der

Grenzschicht und, fir den Fail der turbulenten Stromung. die Temperaturschwankungen werden
ehenfalls dergestellt.

CBOBOHAS KOHBEKUWA OT HAKJIOHHO# MJIOCKOW MJIACTUHbI
C OBPAUIEFHHOW BHW3 TMMOBEPXHOCTbLIO TEIMNJIOOBMEHA

AuHoTanus — Vccneaosanach JjlaMuHapHas ¥ TypOyleHTHas C¢BOOOAHAsl KOHBEKIMs B BOJC Ol

HaK/IOHEHHOW BHM3 HATPETOH CTOPOHOH TUIOCKOH NAACTUHLI NPU OAHOPOIHOM TEIIOBOM [OTOKE.

CucTema TIEPErOpOAOK M OXNAAUTENDL ObIIK MPUMEHEHB! ¢ LEBLIO YCTPAHEHNS BIUAHUA PA3IMEPOS

o6beMa pelepByapa ¢ BOAoii. [pencraBieHbl COOTHOLWCHHUSA A/ TEMNO0OMeEHa B YCIOBUAX dMU-

HAPHOTO U TypOYJIEHTHOrO TEYeHMn, a4 TAKKC HaiaeH kputepuil nepexona. Tlpusoisres cpeianue

Apoduid TEMNEPATYPbl B MOMPAHWYHOM Cjloe. @ B Cjlydae TypOyJIeHTHOro 1IOTOKA W TylbCalinu
remMnepaTypol.



