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Abstract-An experimental investigation was carried out on the hydrodynamics of a turbulent free- 
convecrion boundary layer at a vertical plate and in a vertical film of ethyl alcohol closed at both ends. 
Herein are presented longitudinal component profiles of the mean velocity vector and fluctuation rate 
of the same velocity vector component. On the basis of the present data and experimental results of other 
authors, the existence is shown of a quasi-stationary wall layer in the turbulent boundary layer at a vertical 
plate, the thickness and maximum velocity of which satisfy the condition 

Re,Pr* = “* = const 

It is found experimentally that along the middle of the vertical cross-section in the central part of the film 
the temperature gradient is dT/dx = const. Within the region of constant temperature gradient in the 
turbulent boundary layer there is a quasi-stationary wall layer for which 

Re, = F = const. 

The number Re, is a %mction of the relative temperature gradient 

1 dT -- 
AT dx 

in the external side of the boundary layer. 

NOMENCLATURE U,, maximum mean velocity 
horizontal cross-section ; 

X, longitudinal coordinate; u’, longitudinal component 
2, dimensionless longitudinal coordinate : fluctuations; 

xjH; 8’. transverse component 

Yv coordinate normal to heat transfer fIuctuations ; 
surface ; a. thermal diffusivity ; 

6% thickness of boundary layer ; V, kinematic viscosity ; 

1. thickness of vertical film; P? density ; 

in a given 

of velocity 

of velocity 

H, height of vertical film; s volume expansion coefficient ; 

k relative height of vertical film H/E; Pr, Prandtl number v/a; 
6 13 distance from wall to maximum velocity Re,, Reynolds number G,,, cSl/v; 

coordinate in film; Ra, , Rayleigh number flgAT13/ua : 
T i.z* tem~rature of heated and cold heat Ra, Rayieigb number for horizontal cross- 

transfer surfaces, respectively ; section /3gATx3/va; 
temperature difference between vertical 1 dT _- 
heat transfer surfaces Tl - T, ; AT dx’ 

relative temperat.ure gradient ; 

temperature outside the boundary layer ; Bh, dimensionless temperature gradient 
longitudinal component ofmean velocity H dT 
vector ; 

-----. 
AT dx 
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NOWADAYS the theories of heat and mass 
transfer with turbulent free convection. based 
on solution of the integral equations of motion 
and energy, stem from the assumption that 
relationships for friction and heat transfer are 
similar to those for forced flow in a turbulent 
boundary layer. 

Another approach to an analysis of turbulent 
free convection is given in reference [4]. It is 
believed that near the heat transfer surface there 
exists, adjoining the wall. a quasi-stationary 

Such a theory [l] satisfactorily describing 
an experiment on heat transfer at a vertical 
plate within a limited range of Ra has failed in 
describing temperature distribution and hydro- 
dynamics of a turbulent boundary layer with 
free convection [2,3]. 

layer of liquid defined at Pr = 1 by the condi- 
tion of constancy of a characteristic value of, 
and in the outer part of the boundary layer there 
is a region of intense molar exchange. 

An experimental investigation of hydrody- 
namics with turbulent free convection at a 

The paper presents results on investigation 

vertical plate was conducted on the installation, 

of the hydrodynamics of a turbulent boundary 
layer with free convection at a vertical plate 

the schematic drawing of which is given in Fig. 

and in a closed vertical film. On the basis of 
the present hydrodynamic investigations and 
other authors’ experiments [2,3] a quasi- 
stationary layer is determined from the con- 
dition of constancy of a characteristic Reynolds 
number [4]. 

FIG. 1. (a) The experimental installation for investigation of 
free convection at a single vertical plate l--container: 
2-flat heat exchanger; 3-glass window; 4--condenser 
lens : S-slot : 6-flash lamp; 7-thermocouple probe : 

8-tubular heat exchanger. 

(b) The experimental installation for investigation of free 
convection in a vertical confined film. l--container; 
2-flat heat exchanger; 3-glass window; G-organic glass 
window 8 x 15 mm. 20 mm dia.; S+ondenser lens; 
6-slot: 7-flash lamp; g--calibrated frame: 9-thermo- 

couple probe. 



(a) Ra = 8.45. 10’; H = 395 mm; I= 30mm. 

(b) Ra = 2.4. 107; H = 395 mm; I = 49mm. 

H 

(c) Ra = 7.05 . 107; H = 395 mm; I = 49mm. 

.M. 

FIG. 2. Pictures of liquid flow near the the heat- 
transfer surface. 
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la. Heat-exchanger (2) with dimension of 
450 x 80 x 20 mm made of copper was installed 
into container (l), 900 x 140 x llOmm, which 
was provided with transparent front and lateral 
walls. Constant temperature of the heat transfer 
surface was provided by water from a thermo- 
stat circulated through the heat exchanger 
cavity (420 x 68 x 7 mm). The temperature of 
the heat transfer surface was measured with 
nichrome-constantan thermocouples 02 mm 
dia. positioned in the middle cross-section at 
different heights. Thermocouples were passed 
through openings l-5 mm dia., placed along the 
heat transfer surface at a distance of 05 mm 
from the latter, then led out to the surface 
through a hole 05 mm dia. and caulked in. 
E.M.F. of the thermocouples was measured 
with potentiometer p 2/l. 

The heat transfer surface was ground and 
polished. Constancy of liquid temperature over 
the height of the working volume (outside the 
boundary layer) and with time was provided by 
tubular heat exchanger (8) installed in the 
upper part of the container, the temperature of 
which was maintained constant with the help 
of circulating water from a thermostat. As 
measurements showed, the temperature of the 
working volume was constant with time and 
changed slightly with height. To prevent liquid 
penetration from the ends into the boundary 
layer, the heat exchanger was pressed from one 
side to the ground front glass and, from the 
other side, a screen of organic glass was mounted. 
The heat transfer surface temperature measured 
was 10-2”C/cm. 

A vertical liquid film was formed by two heat 
exchangers (2) Fig. lb made of copper with 
dimensions of 450 x 80 x 20 mm ; 700 x 80 
x 30mm. Constant temperatures Tr > T, of 
heat transfer surfaces were provided by circu- 
lation of water from a thermostat through heat 
exchanger cavities. Heat exchangers were in- 
stalled into a container 900 x 140 x 110 mm. 
The film geometry was provided by a graduated 
frame (8) against which the heat exchangers 
were pressed. By its vertical end surfaces the 

heat exchangers were set tightly to the front 
container wall. 

Thus, the operating volume was limited by 
the heat transfer surfaces, frame and front con- 
tainer glass. The variation of temperature of the 
heat transfer surface with height was 002”C/cm. 
The temperature in the vertical film was 
measured with a thermocouple probe in the 
following manner : 

A thermocouple (nichrome-constantan, 02 
mm dia.) was inserted through a capillary, 
3 mm o.d., and let out so that the junction was 
at 35 mm distance normal to the capillary. The 
probe passed through an opening in the 
vertical end-face of the frame along the vertical 
end-face wall. Transverse displacement of the 
thermocouple junction was provided by turning 
around the axis. The distance from the heat 
transfer surface and the vertical coordinate 
were measured with the help of a microscope 
placed on a traversing equipment. Velocity 
measurement in the turbulent boundary layer 
with free convection were conducted under 
nonisothermal conditions with low-frequency 
fluctuations and negative values of instantaneous 
(Fig. 2b) and averaged (Fig. 9) velocities. The 
flow peculiarities mentioned impose certain 
conditions on the applicability of different 
methods of hydrodynamic investigations. 

Measurement of an instantaneous velocity 
with a thermoanemometer needs a device for 
compensation of temperature fluctuations. 
Within the small or zeroth mean velocity range 
an instantaneous velocity may have negative 
values. In this boundary layer region the use of 
a thermoanemometer insensitive to fluid flow 
direction is incorrect [2,3]. 

Measurement of the velocity both in the 
vicinity of the wall and of the forced flow is 
difficult because of “filament-wall” heat trans- 
fer and due to the fact that the flow is distorted 
by the probe. Application of the Pitot tube for 
velocity measurement is limited not only be- 
cause of flow direction but its sensitivity as 
well [5]. 

Visual (photographic) methods are free of 
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these drawbacks therefore they appear to 
offer more perspective for the investigation of 
turbulent natural convection in liquids. 

The present hydrodynamic measurements 
were carried out by the method of stroboscopic 
flow visualization with the help of an electronic 
stroboscope designed in the Thermal Physics 
Institute, Siberian Branch of the U.S.S.R. 
Academy of Sciences [6,7]. 

An electronic stroboscope permits to obtain 
a train of 8 flashes with the prescribed frequency. 
Flash durability is 50 PCS. Figure la presents an 
optical circuit of the experiment. A beam of 
light through slot (6) of 20 x 02 mm from 
photoflash lamp II TK-120 was projected by 
light condenser (5) through the transparent 
lateral wall of the container (3) onto the heat 
exchanger (2) so that liquid flow near the heat 
transfer surface was illuminated with a narrow 
light beam 0243 mm thick. 

Particles of aluminium in a layer cut with 
optical knife were photographed using lateral 
lighting and discontinuous tracks were obtained 
on a motionless film. The particles of alu- 
minium, suspended in alcohol, were of 5-15 PC. 
To investigate the hydrodynamics in a film the 
heat exchanger positioned near the transparent 
container wall was fitted with drilled openings. 
In these holes (4) were placed copper plugs or 
optical inserts 20 mm dia. (8 x 15 mm) made 
of organic glass. 

The copper and optical plugs were set out 
flush with the heat transfer surface. For the 
photographing of the wall region of the bound- 
ary layer a four fold magnification was employed. 
The photograph (Fig. 2a) presents an instan- 
taneous velocity field. The mean hydrodynamic 
characteristics was obtained by averaging with 
respect to a great number of photos. For this 
purpose 150 photographs were used. 

Figure 3 presents the mean velocity profiles 
in a turbulent boundary layer with free con- 
vection at an individual vertical plate. The 
graph gives comparison between the experi- 
mental profile and that predicted by the theory 
of Eckert and Jackson [l]. The comparisons 

made and data from [2,3] show, that the theory 
based on the supposition of the existence of an 
analogy in heat and mass transfer relationships 
with turbu’lent free and forced convections 
fails in describing the hydrodynamics of free- 
convective turbulent boundary layer at Pr = 

0.72-14. 

\ 
0 I III I 

10-I 3 5 7 IO” 3 5 7 

Y, mm 

FIG. 3. Mean velocity profiles in the turbulent boundary 
layer at a single plate 
1. Ra = 2.1F1.10’~: x = 275 mm; AT = 11FC; 

To = 29.2”C. 
2. Ra=4~83.10’“;x=363mm:AT= 11.6”C: 

To = 294°C. 
~~- Theory [l] for Pr = 13.2; x = 360 mm; AT= 11.6”C. 

The problem lies in the determination of a 
quasi-stationary layer, the dimensions and 
velocity of which are defined by constancy of 
the Re, value [4]. It is known that the magnitude 
of the quasi-stationary layer in a turbulent 
boundary layer at a plate with forced flow is 
estimated by the linear law of the averaged 
velocity change with a transverse coordinate. 

To estimate the velocity behaviour near the 
wall with free turbulent convection, let us 
consider the flow parallel to the heat transfer 
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surface, In the vicinity of the wall the turbulent 
shear stress z’ = - pfl is considerably less 
than the molecular friction value ,uau/ay and 
the equation of motion is 

With the boundary conditions a(0 1 x) = 0, 

du r, 
dy Y=o = 7 

we have 

k!$lzy+z”y. (2) 

V P 

As is seen from relation (2), in the vicinity of the 
heat transfer surface with natural convection 
the linear law of the velocity change with the 
transverse coordinate is not valid, therefore the 
quasi-laminar layer value can not be estimated 
by the linear character of the velocity change. 

The singular point in the averaged velocity 
profile is the coordinate of the maximum 
velocity position in the layer (6,) where (&lay) 
= 0 and molecular friction near this point is 
infinitesimal compared with the turbulent one 
( - pim). 

As experiments showed (Fig. 4) in the vicinity 

I I I I I 
0 I 2 3 4 5 6 7 8 

A mm 

FIG. 4. Mean velocity profiles and fluctuation rate of the 
longitudinal component of the velocity vector 

for Pr = 0.72 ; 4 ; 13.2 does not change much 
within the range Ra = 7. 109-7 . 10” i.e. within 

Ra = 2.15.10’“; x = 275 mm; AT = 11WC; 7; = 2Y “c. the developed turbulent flow region. 

of this point (6,) there takes place the maximum 
root-mean-square fluctuation of the longitudinal 
velocity. Within 0 < y < 6, there is observed 
a growth of velocity fluctuations up to the 
maximum value (Fig. 4). A similar change of 
root-mean-square fluctuations takes place in 
the laminar sublayer of a turbulent boundary 
layer in a forced flow past a flat plate. 

Figure 5 presents experimental values of 

based on maximum flow velocity in the bound- 
ary layer and thickness 6, vs. Ra. Physical 
properties of the liquid are taken at the mean 

FIG. 5. Re,Pr* vs. Ra for a vertical plate 
l-from experiments [2] Pr = @72. 
2-from experiments [3] Pr 2 4. 
3-from experiments [3] Pr = 6.6, transition region. 
kxperiments of the present paqer Pr = 13.2. 
5-from experiments [5] Pr = @72. 

temperature 
T = T + To 
m 2 

Since the maximum velocity position is not 
clearly expressed, Fig. 5 gives range of Re, . Pr*. 

As is seen from Fig. 5, the value 

UlnJ 1 

@VP 
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According to experimental data [2], the 
lower limit of the developed turbulent flow. 
determined by a change of heat transfer mode 
at Pr = 072, corresponds to Ra GZ 7 . 10’. The 
experimental results of [3] and [S], in the 
latter friction and heat transfer in the transition 
region at Ra c 7 . lo9 are investigated in detail. 
are plotted in Fig. 5. As is seen from the figure, 
some decrease of Re 1 Pr* occurs in the transition 
region. 

Thus, within the region of the developed 
turbulent flow at an individual vertical plate 
the wall layer of liquid 0 < y < 6, is charac- 
terized by constancy of Re,Prf. 

In a vertical liquid film, closed at the two ends, 
there are observed several flow regimes. In 
the lower part of the heated plate and in the 
upper part of the cold plate, a laminar regime 
of flow takes place which little by little turns 
into developed turbulent flow in the central 
part of the film. In the upper part of the film, 
near the heated plate, and in the lower part, 
near the cold plate, turbulence progressively 
degenerates. According to experimental inves- 
tigations [S] the developed turbulent regime in 
the film occurs at Ra,h3 = lOlo. In the present 
paper all the measurements were made within 
the turbulent flow region at Ra > Ra,. 

The behaviour of liquid flow could be 
judged from visual observations. Figure 2b and 
c present pictures of the turbulent liquid flow 
in a vertical gap near the heat transfer surface. 
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FIG. 7. Temperature profiles in a vertical cross-section of the 
6lmy=O51 
(a) Ra, =1~06.108:H~395mm;I=49mm; 

AT = 11.7”C: T, = 28.5”C. 
(b) Ra, =~85.10’;H=680mm;I=31mm; 

AT = 29°C: T, = 42.5”C. 

Temperature measurements across the film 

~~~ 

width showed that in the middle the liquid is 
characterized by a constant averaged tempera- 

for a horizontal 0 Zj 10 15 20 25 30 35 40 49 50 ture, given cross-section, (Fig. 6). 
Y, mm Hence, for determining the temperature change 

FIG. 6. Temperature profile in the central part of the film 
with height measurements in the cross-section 

~=05H;Ra,=~45.10~:H=680mm:l=49mm; need only be taken at y = 051. As measurements 
AT = 28.9”C; T, = 424°C. showed (Fig. 71, in the central part of the film 
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there exists a constant temperature gradient 
with height 

/-d&g. 

Under different boundary conditions at the 
film ends, a different behaviour of the change in 
temperature gradient /#I was observed. Thus in 
[S] the temperature gradient measurements 
along the height of the vertical gap were 
carried out for the case when the upper end face 
was open. For the heat flux from the open 
surface. due to evaporation of the operating 
liquid, near the upper end face there was 
observed a negative temperature gradient and 
in the film centre /?h = 0. 

The turbulent flow in a vertical gap closed 
at the ends occurs under conditions when the 
temperature outside the boundary layer changes 
linearly with height. Figure 8 presents the 

FIG. 8. Mean velocity profiles at different heights in a 
vertical film 
Ra, = 8.85. 108; H = 680 mm; I = 31 mm; AT = 28.8”C; 

T, = 42.7”C. 
l-x = 260 mm. 
2--.\- = 385 mm. 

averaged velocity profiles measured in the 
constant temperature gradient range (d T/dxh, 6. 
Measurements were made in the film with 
H = 680 mm, 1 = 49 mm, Ra, = 3.45.10* at 
two heights f,, 1,, coordinates of which are 
shown in Fig. 7b. 

From Fig. 8 it follows that within the constant 
temperature gradient region there is a wall 
layer characterized by a constant Re,, calculated 
with respect to the maximum velocity in the 
film and thickness dl, within which the velocity 
growth is observed. 

The maximum value of root-mean-square 
fluctuations of the longitudinal velocity coin- 
cides with the maximum velocity position in 
the given horizontal cross-section (Fig. 9). The 
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FIG. 9. Mean velocity profiles and fluctuation rate of the 
longitudinal component of the velocity vector in the film 
H=395mm.I=49mm;x=05H. 
1,2-mean velocity and fluctuation rate 
Ra, = 108; AT = 11.3”C; 7, = 27,O”C. 
3-Ra, = 1.7. 108; AT = 17.9”C; T, = 31.07”C. 
4-Ra, = 3.28. 108; AT = 29.O”C; T, = 39.3”C. 

nature of the change in the intensity of fluc- 
tuation is the same as that in the boundary 
layer at an individual vertical plate. 

Figures 9 and 10 give mean velocity profiles 
measured at height x = H/2 for different values 
of H, 1, Ra,. 

Numbers Re, = Umaxdl/v calculated by ex- 
perimental profiles (Figs. 3, 8-10) are given in 
Fig. 11. The kinematic viscosity value was 
taken with respect to the mean boundary layer 
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16 

6 

0 I 2 3 4 5 6 

y, mm 

FIG. 10. Mean velocity profile with turbulent free convection 
in a vertical film; 
H=395mm;x=O5H. 
I-Ra, = 476. 106: I = 15 mm; AT = 16.7”C; 

T, = 31.8”C. 
2-Ra, = 8.45.10’; I = 30mm; AT = 32,O”C: 

T, = 4@2”C. 
3-Ra, = 1.04. 107; I = 15 mm; AT = 31.9”C; 

T,, = 4@8”C. 

bT 5. 1/m 

FIG. 11. Re, vs. relative temperature gradient &g from 

from experiments presented 
l-in Fig. 3 (2). 
2-in Fig. 3 (1). 
3-in Fig. 8 (1). 
Gin Fig. 9 (4). 
5-in Fig. 10 (3). 
6-in Fig. 10 (2). 
7-in Fig. 9 (1). 
g-in Fig. 9 (3). 
9-in Fig. 10 (1). 

l&in Fig. 8 (2). 
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CONVECTION NATURELLE TURBULENTE SUR UN PLAN VERTICAL ET DANS UNE 
COUCHE VERTICALE 

R&mf&-On m&e une recherche experimentale sur l’hydrodynamique dune couche limite turbulente 
de convection libre sur un plan vertical et dam une couche verticale ferm4e aux extremitb de la face 
pour de I’acool tthylique. On prbsente les pro& de la composante longitudinale de la vitesse moyenne 
et le taux de fluctuation de cette m&me composante de vitesse. Sur la base des resultats presents et des 
rbultats exptrimentaux d’autres auteurs, on montre I’existence de la couche a la paroi quasi-stationnaire 
dans une couche limite turbulente sur un plan vertical dont l’epaisseur et la vitesse maximale satisfont la 
condition : 

On montre experimentalement que pour la section verticale mediane dans la partie centrale de la couche 
le gradient de temperature est dTj& = Cte. A l’inttrieur de la region de la couche limite turbulente B 
gradient de temperature constant il y a une couche parietale quasi-stationnaire pour laquelle Re, = 
(U~,/u) = Cte. Le. nombre Re, est une fonction du gradient de temperature relative (f/AT). (dT/dxj 

dans la couche Iimite externe. 

TURBULENTE FREIE KONVEKTION AN EINER SENKRECHTEN PLATTE UND IN 
EINER SENKRECHTEN SCHICHT 

Z~mmenf~g-Mit ~thylaIkoho1 werden ex~rimentelle Untersuchungen durchge~h~ iiber die 
Striimungsverh5Stnisse in einer turbulenten Grenzschicht bei freier Konvektion an einer senkrechten 
Platte und in einer stimseitig abgeschlossenen senkrechten Schicht. Ah Brgebnis werden Profile und 
Turbulenzgrad der L&rgskomponente des mittieren Geschwindigkeitsvektors angegeben. Ausgehend 
von diesen Ergebnissen und den Versuchsergebnissen anderer Autoren wird die Existenz einer quasi- 
station&en wandnahen Schicht nachgewiesen in einer turbulenten Grenzscbicht an der senkrechten 
Platte, wobei Dichte und Maximalgeschwindigkeit der Bedingung gehorchen 

Ret Pr* = cYar = const. 

Die Experimente zeigen, dass llngs der Mittellinie im zentralen Schichtbereich der Temperaturgradient 
dT/dx konstant ist. In diesem Bereich mit konstantem Temperaturgradienten in der turbulenten Grenz- 
schicht gibt es eine quasistation5re wandnahe Schicht, fiir die gilt 

Im fiusseren Grenzschichtbereich ist Ret eine Funktion des relativen Temperaturgradienten 

1 dT _._, 
AT dx 

TYPBYJIEHTHAR ECTECTBEHHAH KOHBEHHHfI HA BEPTBKAJIbHOH 
IIJIACTHHE II B BEPTBKAJIbHOM CJIQE 

~OT~npuI-~~OB~~OHO3KCK~~~M~HTlt~bHOO~~~~O~OB~K~O raRpO~aHaMAKsTyp6yneHTaofa 

KO~aH~qHOrOCnOK~p~ CB060~HOltKOHB~K~KUHaB~pTMK~nbHOljKJI~CT~H~HBBOpTIlK~JibHOM 

631061, 8aMKHyToK no TopsaM, gnx BTKJI~BO~O cnupra. Hpe~crasnenbr npo@inn npoAonbriofi 
KOMllOAt?HTP BOKTOpa CpOAHe& CKOpOCTEl A kUiTl?HCHBHOCTb RyJlbCaUUii TOfi IKKe KOMiiOH43HTbl 

BOKTOpa CKOpOCTU. Ha OCHOBaHHA 3KCKepRMOIiTaJlbWblX AaHHblX HaCTOR~Ot pa6oTn li 

E,KCnf?pIlMOHTOB Apyl'MX LlBTOpOB llOKfl8aHO CyU&?C'FBOBaHlW KBaaK-yCTOiiYKBOI'0 KpEiCTeHHOI'O 

CnOR R Typ6yneHTHOM IlOl'paHWiHOM CJIOt! Ha BepTHKiUIbHOti IUIaCTHHe, TOJIWfHa El MaKCK- 

ManbEaK CKOPOCT~ ~0~0p0~0 y~onaereopmo~ ycnomiro: 
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aKCnepRMeHTanbH0 yCTaHOBJleH0, 9TO B CpeAHeM BepTHKaJlbHOM CeYeHUH B qeHTpaJ,bHOti 

YaCTu CJIOR I‘paAneHT TeMnepaTypbl (dl/dx = con&). B o6nacm nocTOmHOro rpaARema 
TeMnepaTypbI B nOrpaHH4HOM Typ6yJIeHTHOM CJIOe CyLIJeCTByeT KBa3H)XTOitWBbIti npMCTeH- 

Hbdi CJlOfi,AJIK KOTOpOrO 

Rel = k 6, 
= const. 

v 

%U.XO Re, KBmeTCR t$yHKsaefi OTHOCIiTenbHOrO rpaA&ieHTa TeMnepaTypbI (l/AT) (d7/dx) 
~0 BHeluKei YacTK norpamwioro CJI~FI. 


