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Abstract-For the analysis of low-flow situations in the core of the High-Temperature Gas-Cooled reactor it 
is necessary to have a knowledge of the variation of pressure drop and heat transfer with flow and buoyancy 
influence. Nitrogen at 4 bar has been used to simulate the high pressure helium in the reactor and an 
experiment performed for downward flow in a heated vertical pipe. 

The measurements show that for the range of flow and buoyancy influence parameters investigated, (2000 
< Re c 10000 and Gr c 106), friction factors are reduced by up to 20% compared with a correlation for 
isothermal flows and heat transfer is increased by up to 400/, compared with a correlation for constant fluid 
properties. Agreement with the limited amount of previous data is quite satisfactory. The changes in heat 
transfer and friction factor with buoyancy influence can be attributed to distortion of the normally linear, 
radial shear stress profile. Simple equations have been determined to correlate the present results but 
extrapolation to conditions of higher flow and buoyancy influence, where the interaction of forced and free 

convection may be different. is not advised. 

NOMENCLATURE 

4 channel flow area = 7-cD2/4; 

a, channel radius ; 
b, constant; 

c, constant ; 
C 1,2,3r constants; 

gas specific heat ; 
channel diameter ; 
true friction factor = 2z,/p&; 
isothermal friction factor ; 
acceleration due to gravity; 

Grashof number = “2gD~!~- TH) ; 
R 

gas thermal conductivity; 
test section or reference length; 
constant ; 
test section pressure drop ; 

Prandtl number = cpl* 
k ’ 

heat flux ; 
radial position; 
Reynolds number = WDjpA ; 

AT 
Stanton number = ?- __ . 

2L T, - TB ’ 

W, gas mass flow rate. 

Greek symbols 

P> gas density ; 

A 
PB’ bulk gas density = 

1’ ii 

‘/I 
pudA udA; 

0 0 

IA dynamic gas viscosity ; 

7, shear stress. 

Subscripts 

A, evaluated at ambient conditions; 

4 evaluated at bulk gas conditions ; 
W, evaluated at the wall. 

Superscript 

axial mean. 

1. INTRODUCTION 

Stanton number for constant fluid 
properties; 
temperature ; 

IN THE High-Temperature Gas-Cooled Reactor 
(HTR) the helium coolant flows vertically downwards 
through the core. This may present difficulties in the 
case of operation at very low flow for either fault 
conditions or low load because the forced downward 
flow is opposed by a relatively large upward buoyancy 
force. In order to establish the level of circulator power 
to maintain flow in the downward direction it is 
necessary to determine the variations in single-channel 
pressure drop and heat transfer caused by the radial 
variation of the buoyancy forces [ 11. bulk temperature = Jb’ puTdA/{: pudA; 

The differences in fluid properties between helium 

test section temperature rise; and nitrogen make it possible to use low-pressure 

axial velocity; nitrogen to model the buoyancy situation in the 

bulk velocity = h 
r.4 

reactor. Utilising this fact and using a simple tube 

J 
udA; 

geometry, an experimental programme has been car- 
0 ried out to investigate the effects of buoyancy on 
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filter 3 
Q. 

friction factor, heat transfer and velocity and tempera- 

ture profiles for a range of turbulent Rows. 
measurements have been made for Reynolds num- 

bers between 2000 and IO000 and Grashof numbers 
up to 106. 

2. EXPERIMENTAL ARRANGEMENT AND PROCEDURE 

The rig consisted of a closed loop around which 
nitrogen was circulated, see Fig. L. High-purity nit- 
rogen was supplied via a make-up system to a positive 
displacement Godfrey type X421 blower. Tn order to 
operate at pressures greater than 1 bar, the blower and 
10 HP electric motor were enclosed in a steel pressure 
vessel with the ducting arranged so that the flow into 
the blower acted as acooling stream on the motor. The 
nitrogen at pressures up to 4 bar was circulated 
through a large plenum chamber, up a vertical pipe 

containing an orifice plate, down through the test 
section and eventually back to thu circulator. A by- 
pass loop and three motorised valves enabled test 
section Row rate to be varied over a wide range. C&I> 

filters and a dryer were provided on by-pass lines. Heat 
was added to the gas by a preheater as well as bp the 
test section, and removed by a water-cooled heat 
exchange system. The orifice constants were calculated 
directly from BS 1042. As a rough check on the 
calculated calibration, two rotameters. with claimed 
accuracy 2’?$, were available to measure mass llow rate. 

The test section was fabricated in six equal lengths 
from 30 mm bore stainless steel tubing. 0.8’f mm wali 
thickness. with flanges induction welded to each end. 
After welding, the bores were cleaned and measured 
for distortion. Two 0.7~nlln dia holes were drilled 
diametrically opposite through the tlxnges xc) the tuhc 
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bore to provide pressure tappings. A probe carrier ring 
was mounted between each pair of flanges to enable 
temperature and velocity probes to be inserted into the 
test section bore. The overall heated length of the test 
section was 6 m with a 1.5 m unheated entry length. 

To measure the test section temperatures, 
chromel-alumel thermocouples were spot-welded to 
the outside tube wall of each section. The axial spacing 
was 25 mm between the first two and then 30 mm for 
subsequent ones with a ring of four at each end and at 
the quarter, one half and three quarter length positions 
making a total of 52 for each test section. All ther- 
mocouples were connected to a 500-channel DYN- 
AMCO data logger. The output was via punched 
paper tape which could then be either printed on a 
teletype or used as direct input to the IBM 370 
computer which processed the results using a purpose- 
written program. 

The pressure tappings at each flange were connected 
via flexible tubing and a multiple valve switching 
system to a Combustion Instruments Micromano- 
meter. This instrument was built to a patent design 
developed by the National Physical Laboratory and 
based on an idea by Bradshaw [2]. The smallest 
measurable change in pressure difference was theoreti- 
cally 0.001 mm w.g. but oscillations in flow and 
pressure meant that readings to this accuracy were not 
always possible. 

The absolute pressures at the orifice and test section 
were measured with a Budenberg type pressure gauge 
and a SE792-50 pressure transducer. Orifice differen- 
tial pressure was measured with a U-tube type mano- 
meter manufactured by Zeal and a Druck PDCR32 
pressure transducer. Discrepancies between the pairs 
of devices were always less than 1% of indicated 
reading. 

The temperature and velocity probes were of a 
simple pitot tube design. Stainless steel tubing 1.6 mm 
o.d. and 1.2 mm bore was bent into an L shape to form 
the pitot-velocity probe. For the temperature probe a 
thermocouple similar to those used on the test section 
was inserted in one of the pitot tubes and the 
thermocouple junction made at the mouth of the tube. 
For the main programme of testing long-reach probes 
having a length of order 162 mm in the test section bore 
were used but for the earlier tests and also for 
measurement of inlet and outlet gas temperature, 
relatively short probes, length 30mm, were used. 

The main test section heating was supplied by 
passing DC from a 20 kVA rectifier through the test 
section itself. The current supplied was measured via a 
precision shunt and digital voltmeter and the voltage 
drop over each test section was measured via a 
multiple switch and digital voltmeter so enabling the 
power supplied to be calculated. 

The inlet gas temperature could be varied and 
accurately controlled using a 4.5 kW preheater coup- 
led to an ether controller. 

Each test section was lagged to an outside diameter 
of 245 mm with vermiculite encased in stainless steel 
covers. 

At each flange a pair of guard heater units were used 
to try and reduce heat loss. These consisted of a 
labyrinth of pyrotenax heater element embedded in 
Triton insulating material and encased in a stainless 
steel half cylinder, the two parts being clipped into 
place to fit the gap between the main test section 
lagging. 

The main series of tests was performed in two 
distinct parts. Firstly, with the preheater maintaining a 
nominal inlet gas temperature of 30°C ten completely 
separate tests were performed heating all six test 
sections. Traversing velocity and temperature probes 
were inserted at flanges 3,4 and 6 so that neglecting the 
first and last section useful measurements were avail- 
able from four test sections. Secondly, in order to 
increase the heat rate per unit length but still remain 
within the temperature limitations of the rig only the 
top four test sections were heated and no preheating 
was applied to the gas. The traversing probe pair from 
flange 6 was moved up to flange 2 and six tests giving 
useful measurements over two test sections were 
performed. Hence, acceptable results from 16 tests 
were available taken over a pressure range l-4 bar 
with a maximum test section temperature of order 
530°C and maximum gas outlet temperature of order 
420°C. This gave a range of Reynolds numbers from 
2000 to 10000 and Grashof numbers up to 106. Table 1 
lists the main measured and calculated parameters for 
each test. A more detailed description of the apparatus 
and testing procedures is given in Easby [3]. 

3. ANALYSIS 

In order to establish a simple relationship between 
flow, buoyancy influence and friction factor or Stanton 
number the results were plotted in the form f/fi,, and. 

St/St,,, against Gr/Re2 (the last group arising from the 
nondimensionalised momentum equation). For 
Gr/Re’ tending towards zero, both curves tend to- 
wards a value of one and it appears that an equation of 
first order provides an excellent correlation of the 
results. 

Hence the friction factor equation can be written 

f/f,,, = 1 -?-C,GrIRe’ 

and for heat transfer 

For the evaluation of _/is,,, the correlation due to 
Drew, Koo and McAdams [4], valid for 3000 
< Re < lo’, has been used. This can be written: 

fis, = 0.125Re-0~32+0.0014 

for heat transfer the correlation: 

Sr,,, = 0.023Re-0~2Pr-0~6 

has been used although there is evidence that for 
Reynolds numbers less than 10000 the Stanton num- 
bers should be lower than calculated using this 
equation (see later in the discussion). 

In all the relationships the gas properties have been 
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Mid 
test 

Mean section TWI 
Test w wall section Reynolds Grashof Frictiol, Slanton 

RW section temp. temp. pressure number number lactor number 
No. NO. ('Cl l"C) iBar) IQ Grxltl h I x IO” I ‘f,, St x 101 Sl.Sl,,,,, _- -- 

1 

3 

4 

5 

6 

Ih 

66.0 Ioh.? 
86.5 126.X 
1085 145.2 
1299 164.0 

133x 3316 
197 2 2880 
242.5 329.0 
2X7.1 3X60 

124.X 320.4 
1X4.8 273.I 
2353 320x 
2R6.0 366X 

16795 277.5 
2423 34x.7 
311.1 4120 
381.3 4650 

I.587 
232.9 
2X6.4 
344.Y 

90 Yh 

1263 
160.2 
1953 

59.1 
74.: 
X9.1 
104.5 

77.5 
93.8 
IO96 
I XL? 

49: 
65.2 
74.4 
X3.6 

I70 k 
207.5 
2420 
272.5 

25X.6 3XY.O 
365 2 374.0 

22x2 3XYLI 
343.4 47h.s 

?hXO 
3897 

evaluated at the bulk fluid temperature at mid test 
section using nitrogen properties recommended by the 
National Engineering Laboratory, Watson [5]. 

The momentum-impulse balance for the steady 
downward flow of an ideal gas at low Mach number 
gives the following equation, from which friction 
factors were calculated for each test section: 

A correction was applied to the measured pressure 

drop to allow for the difference in densities of the fluid 
in the test section and the manometer fines. 

Because of the uncertainties involved in evaluating 
heat losses the Stanton number for each test section 
was evaluated as: 

where ATis the rise in gas temperature over the length 
I. and T,--T, is the wall-to-gas bulk temperature 
difference. From plots of wall temperature variation 
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FIG. 2. Measured and assumed temperature distributions for calculation of parameters (four test sections 
heated). 

with axial position and the bulk gas temperatures 
evaluated at the traverse positions it was possible to 
calculate the denominator of the equation. The nume- 
rator was evaluated by assuming that the gas tempera- 
ture rise over the length of channel from the midpoint 
to the traverse plane would be identical to the tube wall 
temperature gradient estimated over the same length. 
This method of calculating AT/L was deemed more 
accurate than taking the gradient between successive 
temperature traverses because of the non-linear va- 
riation of gas temperature in the region of the flanges. 
However, in general there was very little difference 
between the two gradients, see Fig. 2. When there were 
six test sections heated, for test section four there were 
no traversing probes and it was necessary to estimate 
the required bulk gas temperature from the axial gas 
temperature gradient from test sections 3-5. 

The values of bulk temperature and mass flow rate 
from the traverses were obtained by numerical in- 
tegration of the profiles using linear interpolation 
between points. Agreement with the mass flow rate 
measured by the orifice plate was usually within the 
range - 676 and + 3q;. 

The individual velocities were calculated from the 
pressure difference measured by the micromanometer 
between the pitot probe and a flange pressure tapping 
with allowance made for channel pressure drop and 
density differences in manometer lines. A correction 
was made as suggested by MacMillan [6] for the effect 
of the wall on the measured velocity but since the pitot 
Reynolds number was always greater than _ 50 it was 
not considered necessary to make a further correction 
for viscous effects, MacMillan [7]. 

Following an experimental investigation with a 
radiation-shielded temperature probe in which very 
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little discrepancy was found from the measurements 
with the type of probe used in the main programme of 
tests it was decided that no correction would be 
applied to the individual temperature readings. 

4. RESULTS AND DISCUSSION 

4.1. Projiles 
The effect of the buoyancy forces on the profiles of 

velocity and temperature across the pipe is shown in 
Figs. 3 and 4. The velocity nondimensionalised by the 
bulk velocity, ug, is plotted against radial position in 
Fig. 3 for each of the three traierses of two runs with 
similar Reynolds numbers but Grashof numbers an 
order of magnitude different. The figure is repre- 
sentative of the general trend that as the Grashof 
number increases, for a constant Reynolds number, the 
centre line velocity increases, the profile thus tending 
to become more peaked. 

Figure 4 shows the corresponding distribution of 
dimensionless temperature expressed as T,- T/T, 
- TB. The profiles become flatter with increasing 
buoyancy influence and in general the gradient near 
the wall is increased, but because of the physical size of 
the traversing probes it is impossible to draw any firm 
conclusions in this region. However, no gross distor- 
tion in the profiles of either velocity or temperature 
were measured in the present experiments up to the 
maximum value of Gr/Re’ w 0.05. 

Similar velocity profiles to those in the present 
experiment, tending to a more peaked shape as the 
buoyancy influence increased but showing no large 
distortions, were measured by Axcell [8] for air 
flowing down a large diameter duct. For-turbulent 
upflow in the same rig, Byrne and Ejiogu 193 measured 
large distortions of velocity profiles near the wall with 



796 J. P. EASRV 
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FIG. 3. Velocity profiles for two runs with similar Reynolds 
numbers but different Grashof numbers. 

T,-T ” 
T ‘p w- Bg 

7 
* 3856 -009 

-6 - 3692 ,139 

FE. 4. Temperature profiles for two runs with similar 
Reynolds numbers but different Grashof numbers. 

GrJRe’ 2 0.2. However, since the duct was of such a 

large diameter, the length to diameter ratio was very 
low and it has been observed by other investigators, 
Brown and Gauvin [lo] that in upflow the flow is 
subject to large distortion over quite a large region, 
whereas in downflow the flow field becomes extremely 
stable in a few diameters. Hence, there seems to be a 
consistent pattern in the measurements from all these 
investigations. 

Cat-r, t‘onnor and Buhr [ 1 I] sl~ow that for turbuienr 
upf?ow at Gr;Re” ,c 0.04 there is verb little change in 
the profiles of both tcmperaturc and velocity when 
compared with results for low heat ratcz. Howebe a~. 
Gr,iRe2 2 0.06 their velocity profiles are hec;oming 
much steeper near the wall and Rat in the centre of the 
duct with a maximum value iu velrtc~t~ ~~~~Llrri~~a~~I~ 

from rhe ccntrc line. This ~~~ttc~~~~lg of rhc \clocit! 
profile in upflow obviously corresponds to the peaking 

observed for the same (;r:Rc’ Tar the present downtlou 
experiments. 

Several other investigations prcscnt temperature or 
veiocity profiles but no comparison is made here 
because in general they are for Iaminar flow with much 

llighrr values of Gr;‘Rr’ than tile ?Y-esent experiment. 
However, from the comparisons made with the rc- 
ferences quoted above there is reasonable agreement in 
trends. 

The variaiion of isothermal friction factor for the 
test sections with al? probes in position is shown in Fig. 

5 together with the correlation of Drew. Koo and 
McAdams. The general scatter about this line is or 
order +- x”,, to - joI, with one or two sets of points 
cxhibitiilg much larger scatter. This can be ~ittributed 

to two causes. Firstly, the differential pressures being 
measured were extremely low and in some cases they 
approached the limits of the micromanometer. Se- 

condly, no corrections have been applied to the 
unheated runs for changes in density in the manometer 
pressure lines caused by changes in ~~n~b~ent tempera- 

ture. This was a shortcoming of the early experimental 
procedure which was rectified for the heated measure- 
ments. 

The true rriction factors from the heated tests 
evaluated as outlined in Section ? are plotted in Fig. 6 

as ,1’,, f :,,, against GrlR& 
The general trend is that friction factors are reduced 

by the effects of the buoyancy forces. A least mean 
squares line fitted to the data gives the relationship: 

with a percentage residual standard deviation of- 5”,,. 
The results for test Section 7 with six test sections 

heated appear to be consistently high. Similarly, 
Section 3 with four test sections heated is consistentIS 
low. This would seem to indicate that these test 
sections had higher and lower isothermal friction 

factors than the Drew. Koo and McAdams cor- 
relation, especially since the gradient of lines drawn 
through these two sets of points is virtually identical to 
the overall mean line gradient in Fig. 6. However. no 
definite trend is obvious from the isothermal results, so 
all heated results have been normalised with respect to 
the one correlation. 

The measured reduction in friction factor can be 
attributed to the change in velocity profile that tnust 
occur as the buoyancy forces increase. Figure 7 shows 
the probable velocity profiles for a given bulk velocity 
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FIG. 5. Isothermal friction factors. 
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FIG. 6. Variation of friction factor with buoyancy influence. 

and changing Grashof numbers. Such distributions 
have been calculated for laminar flow by Hanratty, 
Rosen and Kabel [12] and Brown [13]. There even- 
tually becomes a point when the velocity gradient at 
the wall is zero and from the definition: 

this implies a zero friction factor. Obviously the use of 
isothermal friction factor data for design purposes 
becomes increasingly unreliable as the free convection 
component increases in relation to the forced one. 

However, for the present range with no great distor- 
tion in the profiles, the comparison with isothermal 

friction factors provided by the correlation is ex- 
tremely interesting. 

4.3. Heat transfer 
Numerous investigations into the effect of high heat 

rates on heat transfer have suggested correlations of 
the form : 
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FIG. 7. Probable velocity distribution with increasing buoy- 
ancy influence. 

Other suggested correlations have involved density 
or viscosity ratios or even reference temperatures 
different from the bulk temperature usually used to 

evaluate the gas properties. However, correlations of 
this type are an attempt to account for variations in all 
the physical properties rather than the effects of 

buoyancy. 
Eckert and Diaguila [14] establish criteria for 

upflow to decide whether a flow is dominated by free or 

forced convection or is in the mixed convection regime 
but do not offer a correlation for this last alternative. 

Having established that the present results are in a 

mixed convection or buoyancy influenced region, the 
Dittus Boelter correlation for heat transfer with con- 

stant fluid properties has been used as a comparison 
with the measured buoyancy influenced Stanton num- 

test section no. symbol 

FIG. 8. Variation of Stanton number with buoyancy ~nlluence. 
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measured can be attributed to the change in turbulent 
transport resulting from the relatively large tempera- 
ture fluctuations they measured and an increase in the 
correlation coefficient between the radial velocity and 
temperature fluctuations. 

The results of Herbert and Sterns [16] for downflow 
of water indicate a maximum increase of 40% in 
Nusselt number for similar Reynolds numbers but 
much larger Grashof numbers than the present results. 
However, they also have used a different reference 
temperature for evaluating the properties in the dim- 
ensionless parameters. Using approximate con- 
versions from film to bulk properties it would seem 
that the greatest increase could be 100% and for a 
value of Gr/Re’ comparable to the highest attained in 
the present tests the increase was of order 50%. 

Axcell [S] gives the results of his own experiments 
for downflow of air in a large-diameter pipe and also 
mentions other downflow work performed at Man- 
chester University on supercritical CO, in a small- 
diameter pipe and water at atmospheric pressure in a 
large-diameter pipe. Extremely large increases in heat 
transfer were measured for both Grashof and Rey- 
nolds number larger than in the present experiment. 
From considerations of the buoyancy effect on the 
shear stress profile in upflow (Hall and Jackson [17]), 
he quotes a formula which provides a reasonable 
correlation of data from all three experiments but the 
air data for the lowest Reynolds numbers (2 x 104) are 
higher than the predicted values. Later work from 
Manchester, Jackson and Fewster [18], gives an 
improved correlation fitted to their own and other 
investigators’ data on heat transfer to water. The 
increases in heat transfer do not seem to be as large as 
those measured in the present experiment for the same 
grouping of dimensionless numbers, even taking into 
account the different definitions of Grashof number. 
However, extremely large increases were measured 
and any differences between the sets of data may be due 
to the different ranges of Grashof and Reynolds 
number as well as differences in the fluid used. 

The most likely explanation of the increases in heat 
transfer which occur in all these experiments can be 
deduced by examining the variation of shear stress 
across the pipe. For an unheated flow the relationship 
between shear stress and radial position is linear. 
However, as the influence of buoyancy increases, in 
down~ow the wall shear stress decreases but the profile 
becomes greatly distorted and there is a shear stress 
maximum away from the wall, in the region where 
energy is fed into the turbulence. Figure 9 shows the 
shear stress profile for a run at high Grashof number 
and low Reynolds number. It was calculated using the 
velocity and tem~rature traverse data from the 
present experimental results by using the following 
equation which can be deduced from a simplified X- 
momentum and overall momentum balance: 

In the region of maximum shear stress the pro- 

.O% 

test section 2 
R-e= 5165 
Gr=,866 x106 

FIG. 9. Shear stressdistribution calculated for a high Grashof 
number, low Reynolds number run. 

duction of turbulence energy, expressed as 2 du/dy will 
be much larger than with a normal shear stress profile 
and hence the eddy diffusivities of heat and momentum 
will be increased. This in turn will result in much higher 
transfer of heat in the region and be reflected in the 
large increases in Stanton number. Axcell’s calcu- 
lations of the eddy diffusivity of heat from his results 
and the turbulence measurements presented by Brown 
and Gauvin confirm this mechanism. Further indirect 
support is provided by the upflow measurements of 
Carr, Connors and Buhr [ll]. They show the shear 
stress becoming much less in the region of maximum 
turbulence production as buoyancy increases and 
Nusselt numbers deduced from their measurements 
are correspondingly much lower than the low heat- 
rate correlation values. A number of other in- 
vestigations of upflow have shown decreases in heat 
transfer with increasing buoyancy influence. Hall and 
Jackson [ 173 suggest a mechanism as above based on 
the shear stress variation to explain their results for 
supercritical CO,. 

5. CONCLUSIONS 

The present experiments for turbulent downflow of 
nitrogen in a tube with buoyancy influence for 2000 
< Re <: 10 000 and Gr 6 lo6 have shown that: 

(1) Friction factors are reduced by up to 20% 
compared with the correlation of Drew, Koo and 
McAdams for isothermal flow. 

(2) The e!Tects of buoyancy on friction factors can 
be correlated for the present range of conditions by the 
relationship 

f/fi,, = 1 -S.lGp/Re’. 

(3) Stanton numbers are increased by up to 40% 
compared with the correlation for constant properties. 
Agreement with previous investigations is satisfactory. 
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(4) Stanton numbers are correlated by the rc- 7. 
lationship 

8. 
St:‘.%,,,,, = I + 8.9GrIKe’. 

(5) The increase in Stanton number and decrease in q. 
friction factor can be explained by the effect of the 

buoyancy forces on the shear stress distribution across 
the pipe. With increasing buoyancy the velocity gra- 
dient at the wall is reduced resulting in a decreased wall 10. 
shear stress and friction factor. The shear stress in the 
region of maximum turbulence production is greatly 

increased resulting in higher eddy diffusivities and I I 

hence an increased Stanton number. 
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L’EFFET DES FORCES D’ARCHIMEDE SUR L’ECOULEMtNT I i 
LE TRANSFERT THERMIQUE POUR UN GA2 DESCENDANT L>ANS I: h 

TUBE VERTICAL A DEUX NOMBRES DE REYNOLDS TURBII1.FN-l S 

Resume--Dans I‘analyse des situations d’&coulement dans Ic cocur d’un reactcur a h,iute tcmpcratul i 
refroidi par un gaz, il est nicessaire de connaitre la variation de la chute de prcssion et Ic transfcrt thcrmiquu 
en fonction du dibit et de la gravitt. On utilise l’azote sous 4 bar pour simuler I’helium a haute prcssjon dani 
le riacteur et une expbrimentation est conduite avec un &zoulement descendant dans un tube thud vcrtnl 
Les mesures montrent que, dans le domaine des d&bits ct dcs forces d’Archimedc considcrc (2(N)O CC Kc, 
< 10000 et Gr i 10h), des coefficients de frottement sont riduits de 20”,, en comparaison des valeurs pour le> 
Pcoulements isothermes et le transfert thermique est accru de JO”,, par rapport au c.1) du,- proprictc\ 
constantes de fluide. L’accord avec les donntes connues, en nombre limite. est tout a fait satisfaisant. l,eq 
changements dans le transfert thermique et dans le frottement sous I’influ&ce de I’cCfet de la granite peuverit 
itre attribu& i unc distorsion du profil radial de tension de cisaillemcnt gencralemcnt lincairc. Des equation\ 
simples ant &t dtterminkes pour rassembler les prisents resultats mais il n’est pas recommandL: d’extrapolct 
li des conditions de grands dtbits et de forte influence de pesanteur car I’interaction dcs con\cction\ forcer cL 

nature&z peut &re dilTe_rentc 

DER EINFLUSS DES AUFTRIEBS AUF DIE STROMUNG Ii&D DE.N 
Wi$RMEUBERGANG BEI DER TURBULENTEN. ABW.&RTS GERICHTETEN 

STROMUNG EINES GASES BE1 KLEINEN REPZAHLEN 

Zusammenfaswng-Fiir die Berechnung von Vorggngen mlt langsamer Strbmung im Kern des gasgckiih- 
lten Hochtemperaturreaktors ist es notwendig, die b;nderung des Druckverlustes und des WLrmeiibergangc 
mit dem StrGmungs- und AuftriebseinfluD zu kennen. Fiir die Simulation des Hochdruckheliums im Reaktor 
wurde Stickstoff von 4 bar verwendet. Es wurden Versuche bei abw6rts gerichteter StrGmung in cinem 
beheizten senkrechten Rohr durchgefiihrt. Die Messungen zeigen, da0 im untersuchtcn StrBmungs- und 
Auftriebsbereich (2000 < Re -c 10 COO und Gr -c 106) die Reibungsfaktoren urn bis 7u lo”,, geringer wal-eri. 
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verglichen mit einer Beziehung fur isotherme Stromungen. Auf3erdem erhtihte sich der Warrneiibergang urn 
bis zu 40x, verglichen mit einer Beziehung fiir konstante Fluideigenschaften. Die ubereinstimmung mit der 
begrenzten Anzahl bisheriger Daten ist recht zufriedenstellend. Die binderungen des Warmeiibergangs und 
des Reibungsfaktors mit dem Auftrieb~influB kann auf die Verformung des gewiihnhch linearen radialen 
Schubspannungsprofils zur0ckgef~~t werden. Es wurden einfache Gleichun~n entwickelt, urn die 
gegenwgrtigen Ergebnisse zu korrelieren. Die Extrapolation aufBedingungen mit griif3erem Striimungs- und 
AuftriebseinfluB, bei denen das Zusammenwirken der erzwungenen und der freien Konvektion anders sein 

kann, ist nicht ratsam. 
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~~~H~E APX~~E~OBbIX CHJf HA TEYEHME M TIEPEHOC TEflJlA B TA3E, 
fiBM~)ICVLLfEMCII DO BEPT~KAnbHO~ TPYGE B HA~PAB~EH~~ YCKOPEHMII 

CMJlbl TJDKECTM IlPM HM3KMX TYPBYJfEHTHbIX YMCJIAX PEfiHOJIbACA 

Arnroranmt--Ann aHaJIH3aHki3KOCKOpOCTHbIXllpOUWCOBBaKTIfBHOti 3OHeBbICOKOTeM~e~aTypHOrO 

ra300XJl%KAaeMOrO peaKTOpaHeO6XOiUiMO 3HaTbU3MeHeHWRT~HHIlH Tennoo6Mena B 3BBWCHMOCTH 
OT TC'LeHtfR R BJDiIlHEiR apXl4MeAOBblX CHJI. &IS MOAeJWpOBaHHR IWlHeBOrO PeaKTOpa 6onbmoro 
AaBneHH5z 6bin ~CnO~b3OBaHa3OTCAaB~eHUeM B 46apa; 3KCnep~MeHT~pOBOAHAC~ BHar~BaeMO~ 

~PT~KanbHO~ TpJ&. ?Pi3Mept?HKR nOKa?bIBaKYC, 'IT0 B nC~eAO~HHOM ASiFtlTaSOHe lEt#laM~T~B 

nOTOKa H WlaByWCT%i (2000< R< 1000&S Gr< I@), KO~~~)UIUleWTblT~HHIIyMeHbruaKtTC~AO 20% 
II0 CpaBHeHHlo C COOTBeTCTB)'MIUkiMU KO3@/.UiUWlTaMH AJl51 K30TepMHWCKHX IIOTOKOB, a TellJIO- 

o6MeH )'BWIHYHBaeTCSI A0 ‘toy0 IlO CpaBHeH&itO CO CAy'iaeM TVieliEiIl IHAKOCTH C IYOCTORHHblMH 

CjWiSWYeCKHMH CBOikTBaMH. Pe3)'JlbTaTbl pa6oTbI BllOJ-IHe j'AOBJIeTBOpHTeJIbH0 COrJlW)'tOTC5i C 

NMelOlUIIMliCR AaHHblMH. ki3MeHeHWi B K03@@HlWHTaX TellJlOOfkieHa H TWHHI nOA LWHRHHeM 

apxmenosbrx cwn Moryr 6hIrb06bifCHeHblAe~pMauue~o6~~~on~HeBHorop~~anbHoronp~enr 
KaCaTe~bHblXHanp~~eHH~. ljblJEi BbI~AeHbin~T~e YPaBHeHHI AJIR COr~aCO~~~ n~ACTa~eH- 

HbiX pe3yllbTaTOB, OAHaKO UX 3KCTpanOA~~U~ Ha CAyraU 6OOnw: CKOjjHMX ~OTOKOB H 6one.e 
CHJibHOrO BJlMIlHMII apXHMi?AOBblX Cwn,rAeB3auMOAeRCTBueBb3HyaAeHHOB HCBO~OAUO~~KOHB~KUHW 

MOXBT 6bITb AHbIM,npOaHaJlH3WpOBaHa He6blna. 


