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ABSTRACT

,, Experimental heat transfer data obtained in a vertical

asymmetrically heated rectangular channel at low Peclet number

are presented. The effect of body forces is well correlated
qrp

•with G /Re ratio and good agreement is found with previously

published Russian data. Measurement of transerve temperature

profiles shot-? that a fully developed flow may be defined on

the last part of the channel.

INTRODUCTION
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The construction of integrated design fast reactors obli-

ged to develop specific heat transfer studies with liquid metal

Since very few data were available on the calculation of heat

losses through the large diameter vats which, in integrated

assemblies separate the hot fluid flowing from the core, from

the cold fluid leaving the exchangers, it was found necessary

__. to study heat transfer under similar
Exchanger conditions, i.e. in volume of large

. size where fluid movement resulting
A
"] from natural convection is more • or

less perturbed by recirculating flow

characterised by relatively low mean

velocity.
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EXPERIMENTAL UNIT

The experimental unit pi is a loop consists pricipally

of a vertical tank, an air exchanger, a pump and an electro-

magnetic flowmeter (figure 1). The vertical tank is paralleli-

pipedic 3m high with a rectangular horizontal cross^section

Ij-Ocm x 50cm. One of the sides of the tank heated indirectly

with a constant heat flux over a height of 2m forms one of the

walls of the test channel.

The test channel is defined with :

- the heated wall of the tank ; the heated surface is

2m x 0,Um

- a compartment, called "sliding vail" placed vertically

in the tank and containing; an argon "barrier to afford

adiabatic conditions. This sliding wall nay be moving

parallely to the heated wall so that the width of the

channel can be varied fron 3j^cm to 30cm approximately.

It overreaches the sodium level in the tank.

The fluid flows upwards, enters the test channel by a

diverging tube with one wall forming part of the tank and lea-

ves through a rectangular (UOcm x 10cm) opening in the heated

wall of the tank.

Besides those concerning flowrate and heat input9 measu-

ring instruments consist mainly of chromel-alumel thermocouples

in a stainless steel sheath, outer diameter 1,5mm; for recor-

ding of :

- fluid temperature at the inlet (in front of the diver-

ging tube) and at the exit of the test channel (in the

rectangular cross section tube between the tank and the

exchanger).

- longitudinal temperature profiles on the heated wall and

on the sliding wall (i'igure 2) in the vertical symmetri-

cal plane at intervals of 8cm. On the heated wall, they
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are set in holes chilled so that their hot solder

•..•••:* arrives at about 1mm from the vetted surface.

- transverse temperature profiles vith a "rotating

probe". Measurements are taken at 7 levels at inter-

vals of about 30cm. At each level the profil is noted

"by a thermocouple sticked at the end of a horizontal

arm which is an extension of a vertical tube forming

the rotation axis of the device.

All the measurements are recorded by a Solartron electro-

nic voltmeter with automatic conversion.

EXPERIMENTAL FIELD

The experimental field was as follow :

- Heat flux at the channel wall has varied : from

296W/cm
2 to 851W/cm

2.
•D O /

- Flowrate from 100cm /s to 2750cm 's.

- Tests have been realised with the mean temperature of

the fluid in the channel as reference and with hydrau-

lic diameter as length of reference have varied in the

following ranges ;

Reynolds number, Re 3 from 7BO to 25000.
— o «.•a

Prandtl number , Pr, from 5 55-10 to 9 53«10 .

modified Grashof number (classic Grashof number x

Nusselt number), GR
9 fron 3.10

T to 3.1012*

Peclet number, Pe, from 5 to 185.



LONGITUDINAL TEMPERATURE PROFILES

On figures 3 and h are presented 3 characteristics tests.

The longitudinal temperature profiles are given as a function

of vertical abscissa z. z = 0 and z = 200 correspond respecti~

vely to the beginning and to the end of the heated surface.

It may "be seen for the TOP 7, figure 3 that :

- the top curve shows the gross profile of the heated

vail measured with the thermocouples. There are many

marks corresponding to several recordings necessary

to knov whether the test is steady.or not.

~ the curve below shows the temperature profile of the

wet surface of the heated wall.

~ when they have been measured the transverse temperature

profiles let to determine with extrapolation the tem-

perature of the heated wall (on the figure, the mark

is a +).

- the straight line represents the variation of the mean

temperature of the fluid.

- the lower curve is the longitudinal temperature profile

of the sliding wall.

For the sliding wall the evolution of the longitudinal

temperature profile is characteristic. For the tests carried

out at very low flowrates, the evolution is quasilinear, the

influence of axial conduction is high and the profile is

appreciably perturbed near the channel outlet. For all the

other tests, three distinct zones are often observed :

- a first zone near the inlet of the channel where the

temperature is constant and equal to the inlet fluid

temperature. On the figure 5, we show the variations of

the length of this zone as a function of Peclet number :

for a given width, it increases as Peclet number increa*--

ses and as heat flux decreases. For a given heat flux

it is more important when the channel is wider.



, - a second zone where the temperature increases rather

quickly ; this second zone may not exist (TOP 120,

figure 3).

- a third zone where the temperature increases linearly.

The length of the two first zones or the abscissa of

the beginning of the third is difficult to find on the

figures, it seems to have analogous variation -with the

length of the first zone. This evolution of the sliding

wall temperature may be compared with experimental re-

sults obtained by HANRATTY and SCHEELE |2| in aiding

and opposing flow for low Reynolds number : in the axis

of the channel a "paraboloid'1 zone is formed where the

fluid is pratically at rest.

For the heated wall over the first part of the channel in

the "flow development" zone5 the temperature profile of the

heated wall presents a characteristic evolution. Study of the

variation in the deviation between the temperature of the

heated wall and the mean temperature of the fluid, represented

by a straight line, shows that the deviation attains a maximum,

The local heat transfer coefficient starts by decreasing when

the location distance increases and attains either a limit

value corresponding to the fully developped flow at the end

of the channel a or a minimal value before approaching the

value corresponding to the fully developed flow. This phenome-

non., sometimes referred to as "overshoot",can be compared qua-

litatively to that observed in analogous conditions. PIROVANO,

VIANNAY and JANNOT [3] think that this minimum heat transfer

value is significant of the end of the laminary flow. This can-

not explain our results because Reynolds number is always

higher than the critical value (at the inlet of the channel).

ALFEROV, RYBIN and BALUHOV \h] consider that this "overshoot"

is the result of a relaminarisation of the flow by the natural
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convection : the laminar sublayer becomes thicker till a

critical value where the local heat transfer coefficient

is the lowest,It nay be the result of a radical reorgani-

sation of the flov, with the local heat transfer coefficient

perhaps attaining its minimal value when the mean velocity

of the flow in the free stream is near the maximum local

velocity produced by natural convection as suggested by HALL

and PRICE

TRANSVERSE TEMPERATURE PROFILES

Transverse temperature profiles have been measured for

several tests Fith the rotative probe above mentioned.

By extrapolation (tangent with a slope 3T/3y - ^//\') the tempe-

rature of the heated wall on the fluid sid~ can be determined.

Comparing with the longitudinal profiles recorded by the ther~

mocouples set in the heated wall, it can be said9 in the limit

of the accuracy of measurements, that there is a good agreement

Figures 6 and 7 show some examples of the recorded trans-

verse profiles. The temperature difference T _.- T(y) is

given as a function of •'ûhe reduced distance y/b, for the seven

levels of measurement. Temperature was fluctuating and it is

the mean value which is given.

Two types of profiles can be defined :

~ the first type (figure 6) obtained during tests carried

out with small channel width and relatively high flowrates,

corresponds ,under.our experimental conditions ,to value of the

dimensionless group G*/Re inferior to 10 . Under these condi-

tions, it is noted9 that apart from the first profiles measu-

red near the channel inlet (at h and 36cm from the downstream

limit of thfj iisating surface), the transverse temperature
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profiles show little evolution. A thermal layer can be défi"

ned near the vail, shoving pratically constant thickness over

nearly all the channel. It seems that the thickness of this

thermal layer is smaller as G /Re is higher. This result is

one of the confirmations of the hypothesis according to which

the full thermal and hydraulic flows are developed over this

downstream zone in the channel.

- the second type (figure 7) is obtained for tests where
V ^

the value of the non dimensional group G /Re is higher than 10"'

(wider channels). The transverse temperature profiles present

some important differences as compared irith the preceding ones:

the length of the fully developed flow zone is more limited

since the profile évolue near the outlet. As in tne preceding

case, a thermal layer of pratically constant thickness can be

defined in the fully developed flow zone but,near the sliding

wallxthe zone with a zero horizontal temperature gradient is

wider than for the first type. These profiles differ also from

the preceding ones by the fact that a minimum of temperature

exists betveen these two zones, which can be explaineby the

presence of reverse flow [2] .

EEAT TRANSFER COEFFICIENT IN FULLY DEVELOPED FLOW

The heat transfer coefficient is calculated from the lon-

gitudinal profile of the heated wall and from the straight .

line showing the evolution of the mean temperature of the fluid

in the channel. Considering the precision of measurements, the

temperature evolution of the heated wall can be represented by

a straight li e, in most cases, parallel to the line indica-

ting mean fluid temperature. That is to say, over a large down»

stream part of the channel full flow development seems to be
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attained. With this hypothesis, the precision of calculation

of mean heat transfer coefficient is included between *\2% and

15$- Maximum errors occur for the lover velocities tests

where the graphics are inaccurate and for the higher veloci-

ties tests vhere, as it is well knovn for the liquid metal

tests, it is difficult to measure the mean temperature of fluid

at the exit of the channel. Figure 8 shovsthe different values

of the transfer coefficient in fully developed flow as a func-

tion of mean velocity in the channel. In the experimental field

under consideration the influence of natural convection for

low velocities tests may be seen : for a given width and heat

flux, the heat transfer coefficient decreases when the flow-

rate increases.

CORRELATION OF THE HUSSELT. NUMBER IN FULLY DEVELOPED FLOW

As shown by FALLMAN [6} , variations of Uussolt number

for the zone of fully developed flow may be presented as a
2E

function of the dinensionless /rroup G /Re. On the figure 9»
jÇ

where all the results are produced in the plane ïîu, G /Re,

it can be seen that a correlation such as

Nu = 2 + 0,31
0,28

may be used to compute the heat transfer coefficient within

nearly -12$£. The influence of Reynolds and Prandtl numbers;

which appear when a dimensional analysis of the phenomenon

is carried out, is not clearly marked when examining overall

results. For the Prandtl number, no valid opinion can be £iven
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since the nean fluid temperature was subject to little varia-

tion during the course of the tests. Other experimenters such

as BROWN [îj have used the parameter Z to correlate ïïusselt

number (Z is such as 1 - 'A — r — for a rectangular1 CD Re

cross section channel).

On the figure 10, ve have ccnpared our results with calcu-

lation and with other experimental results. There is a rather

good agreement with the correlation proposed "by VOLCHKOV |_8]

for his experimental results and with those of AMPLEEY f9j for

a variation range of Z beeing between 10 and 20. For cases

where full flow exists, using the equations of the boundary

layer in laminar flow, the transverse velocity and temperature

profiles can be determined/ as well as Ilusselt number, as a func-

tion of G /Re (or Z). Calculations have "been carried out "by

OSTROUMOV [in] , EALLMAÎÏ [6] and BKOFII [7] for mixed convec-

tion laminar flov in a tube. VERFIFR [j l] has established

analytical solutions which have been adopted for the inter-

pretation of our results. Figure 10 shows that our experimen"

tal results as those of VOLCHKOV and AMP LEE V are situated well

above the theoretical curves obtained on the basis of laminar

flow, even for low values of Z.

CONCLUSIONS

The results obtained in this study are of tvo orders :

- on the pr!'e hand, the interest attached to the adoption
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of the parameter G /Re has been tested. For the experi-

mental conditions under consideration, the following

empirical correlation is suggested :

P.* 0,28
Nu = 2 + 0,31 ( ~~ )

Compared vith results published in the literature, these

results agree relatively well with those of VOLKCHOV et

al.

on the other hand, results of a more qualitative order

have been confirmed :

,a) For low flov rates (Pe <200) heat transfer coeffi-

cient decreases when fluid velocity increases.

b) The measurement of transverse distribution of tem-

perature shows that a thermal boundary layer can be

defined and as its tl ickness becomes constant a

mean transfer coefficient may be calculated (exis-

tence of a full flow zone).

c) Finally, in accordance with other experimenters, it

has been found that the theoretical results for lami-

nar flow give much higher ïïusselt number values than

the experimental ones.

MOTATIQHS

b Width of the test section

Dh Hydraulic diameter of the channel
i

h Heat transfer coefficient (h = AT
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G GRASHOF number

G* Modified GRASHOF number ( GS = G x îîu)

Nu NUSSELT number

Pe PECLET number

Pr PRANDTL number

Re REYNOLDS number

W Mean fluid velocity

y Transverse distance from the heated vail

z Longitudinal distance from the beginning of the heating
yp

t-r i • • -, I r> G \Hon dimensional group (Z = • • /., — - - ).

Heat flux at channel wall.

Calculations of non dimensional number are made at the

mean fluid temperature (for physical properties) and with

hydraulic diameter (as characteristic length) .
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FIG. 2 INSTRUMENTATION OF THE TEST

SECTION.
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