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Results  a re  presented of an experimental  investigation of the heat exchange between liquid 
metals  (Pr = 0.007 and 0.03) and bundles of tubes inclined at angles ~b = 30, 60, and 90 ~ 
to the hea t - t ransfer  agent. The experiments were performed in the Pe number range (for 
the incoming flow) 10-600. Hints for the calculation of the heat-exchange coefficients a re  
given. 

Elements of convective heating surfaces  over which a s t r eam of hea t - t ransfer  agent flows at different 
angles constitute an appreciable f ract ion of the surface of multiflow and coiled heat exchangers and steam 
generators .  It is therefore  urgent to develop instructions that make it possible to determine the heating 
surface co r rec t ly  without unjustified ma?gins. 

The heat exchange between bundles of tubes and liquid metals flowing in the longitudinal and t ransverse  
directions have been discussed quite extensively in [1-3]. Papers  devoted to a theoretical  [4] and exper i -  
mental [5] investigation of heat exchange for an "oblique" incoming flow were published in 1965-1967. 

In the present  paper we repor t  brief ly resul ts  of an investigation of heat exchange in bundles of tubes 
a r ranged in checkerboard fashion and placed in angles of ~ = 90, 60, and 30 ~ to the incoming flow of liquid 
metals with Pr  numbers 0.007 and 0.03. 

The construct ions of the working sections and the circulat ion contours a re  s imilar  to those given 
ear l ie r  in [6]. 

The working sections were packets of tubes of diameter  22 m and thickness 2.5 ram, arranged in 
checkerboard fashion. The bundle consisted of 9 rows of tubes in depth and 4 tubes along the front. The 
tubes of the bundle were placed in a rectangular  duct at angles to the flow, as shown in Fig. 1. 

The geometr ica l  pa ramete r s  of the bundles a re  given in Table 1. 

The entry into the "oblique" bundle of tubes was organized in analogy with the tubes in t ransverse  
flow (r = 90~ by installing a rectangular  diffusor and two equalizing gratings. Such an a r rangement  ensured 
uniform distribution of the flow ahead of the f i rs t  row of the bundle. 

Figure I shows a section of the investigated bundles in a plane perpendicular to the genera tors  of the 
tubes. The shaded tubes were heated with al ternating current ,  and the black tubes were ca lor imeters  placed 
in the f i rs t  and seventh depth rows, and were heated with direct  current.  The numbers on Fig. 1 show the 
unheated tubes, inside which were placed thermocouples to measure  the temperature  of the hea t - t ransfer  
agent. 

The mixing tempera ture  of the hea t - t ransfer  agent was measured also at the entrance and exit f rom 
the bundle, using thermocouples in car t r idges  immersed  in the flowing heat ca r r i e r .  

The heating was with the aid of tubular heaters  of steel Khl8N10T 0 14 x 1 mm, to which copper cur -  
rent  leads of dimensions 14 • 4 mm were welded. The annular gap between the heater and the tube of the 
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Fig.  1. A r r a n g e m e n t  of the tubes in the 
bundles.  

TABLE 1. Geome t r i c  P a r a m e t e r s  of the Inves t i -  
gated Bundles 

Bundle No. 1 Bundle No. 2 Bundle No. 3 
Geometric parameterslo = 30 ~ !b = 60 ~ = 90 ~ 

Number of tubes in 
bundle, including 
the unheated inserts 
on the wails 

Outside diameter of 
of tubes, mm 

Geometrical arrange- 
ment of rods 

Relativ e p.itch of 
bundle 8 N 

Length ol tubes be- 
tween boards, mm 

36 36 

22 22 
height 200 height 200 
width 106 width 106 

equilateral triangle 
I 

1,2 I 1,2 
400 206 

27 

28 
250 
105 

1,25 

250 

bundle was f i l led with powdered boron n i t r ide ,  which has 
high the rmal  conduct ivi ty (k ~ 10 k c a l / m  2 �9 h. deg) and good 
e l e c t r i c  insulat ing p rope r t i e s .  In the expe r imen t s  with the 
h e a t - t r a n s f e r  agent  a t  P r  = 0.007, we used copper  c a l o r i -  
m e t e r  tubes,  and in the expe r imen t s  with Pr  = 0.03 we used 
tubes of Khl8N10T steel .  In the tube wal ls  of the copper  
c a l o r i m e t e r s ,  the re  were  through channels  of 1.5 mm d i a m -  
e te r ,  into which the rmocouples  capable  of moving over  
the en t i re  length were  placed.  

In the KhlSN10T s tee l  c a l o r i m e t e r s ,  the thermocouples  in the c a p i l l a r i e s  were  sea led  into the wall  
by meta l l iza t ion .  The junctions of the the rmocouples  were  placed along the p e r i m e t e r  of the c a l o r i m e t e r  
c r o s s  s e c t i o n i n a  plane pa ra l l e l  to the d i r ec t ion  of the flow and pass ing  through the cen te r  of the tube. In 
a number  of expe r imen t s  with the copper  c a l o r i m e t e r ,  the the rmocouples  were  moved along the g e n e r a -  
t r i c e s .  

Af te r  a s teady s ta te  was reached  in the exper imen t s ,  we measu red  the following quant i t ies :  the 
c a l o r i m e t e r  wall  t e m p e r a t u r e s  in the f i r s t  and seventh rows along the depth of the bundle; the t e m p e r a t u r e  
of the heat  c a r r i e r  a t  the en t rance  and exi t  f r om the working sect ion,  and a l so  the t e m p e r a t u r e s  of the 
h e a t - t r a n s f e r  agent flowing over  the cen t ra l  sec t ion  of the rods  numbered 1-6 in Fig.  1; the e l e c t r i c  power 
r e l e a s e d  at  the c a l o r i m e t e r s  of the f i r s t  and seventh rows and on the l a t e r a l  heated tubes;  and the quan-  
t i ty  of h e a t - t r a n s f e r - a g e n t  flow. 

The e l ec t romot ive  force  of the the rmocouples  de te rmin ing  the t e m p e r a t u r e  of the h e a t - t r a n s f e r  agent  
was m e a s u r e d  with type-R-330 po ten t iometers .  

The e l ec t romot ive  force  of the the rmocouples  ins ta l led  in the c a l o r i m e t e r  wal l s  was e i ther  m e a s u r e d  
with the same po ten t iomete rs  or  r eco rded  on the cha r t s  of au tomat ic  plotting po ten t iomete rs  ~ P P - 0 9  
with a sca le  of 2 mV (attachment for  the R-330). 

Al l  the the rmocouples  were  ca l ib ra t ed  d i r ec t l y  in the loop before  and a f t e r  plott ing the opera t ing  con- 
dit ions.  The s tandard  was a thermocouple  measu r ing  the t e m p e r a t u r e  of the liquid enter ing into the bundle. 

The flow of the h e a t - t r a n s f e r  agent  with P r  = 0.007 was m e a s u r e d  with e l ec t romagne t i c  flow m e t e r s  
the spec i f i ca t ions  of which guaranteed an e r r o r  not l a r g e r  than ~2.5% of the maximum flow at  the working 
t empe ra tu r e .  The flow of the h e a t - t r a n s f e r  agent with P r  = 0.03 was de t e rmined  with the aid of a nozzle 
with a heated p iezomete r .  

The m e a s u r e m e n t s  made i t  poss ib le  to ca lcula te  the values  of the a ve r a ge  and local  hea t -exchange  
coeff ic ients  c~ = q / A t  for  the tubes of the f i r s t  and seventh rows.  Here  q is  the a ve r a ge  spec i f ic  heat  flux 
through the su r face  of the c o l o r i m e t e r  tube, ca lcula ted  f rom the formula  

0.86 IU kcal]m~h i 
q= ~ d/vol (I) 

At is  the ave r age  t e m p e r a t u r e  d i f fe ren t ia l ,  de te rmined  as  the d i f ference  between the wall  t e m p e r a t u r e  
ave raged  over  the p e r i m e t e r  and the h e a t - t r a n s f e r - a g e n t .  
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Fig. 2. Heat exchange of bundles of tubes in a stream 

of liquid metal: at ~ = 90~ I) 7th row, Pr = 0.007; at 

= 60~ 2) first row; 3) 7th row, Pr = 0.007;4)istrow;5) 

7throw. Pr =0.03: atr =30~ 6) Istrow; 7) 7throw. 

Pr =0.007:8) istrow; 9) 7th row. Pr =0.03. The 
numbers in the parentheses next to the curves refer to 

the formula numbers. 

Fig. 3. Rela t ive  heat exchange 
in an ~oblique" incoming flow 
(Nu~) and in t r a n s v e r s e  flow 
over  the tubes (Nug0). 

The wall temperature measured with the thermocouples was cor- 

rected to account for the depth of location of the hot junction. 

The average wall temperature was determined by graphic inte- 

gration. 

The definitive heat-transfer-agent temperature in the expression 

for the temperature differential was assumed to be the temperature of 

the liquid at the cross section of the calorimeter. 

In the present paper, the heat exchange was referred to the 

velocity w = V/~2 of the incoming flow. 

The results of the experiments on heat exchange as functions 

of the velocity are shown in dimensionless coordinates (Nu = f(Pe)) in 

Fig. 2. 

Heat exchange with liquid metal (Pr = 0.007) is practically independent of the number of the row in 

which a calorimeter is installed. With increasing Prandtl number (Pr = 0.03), a slight stratification ap- 

pears in the heat exchange of the first and seventh rows, with the exchange of the deeper row somewhat 

higher than that of the first. This is due to the fact that when Pr is increased the hydrodynamics exert a 

larger influence on the heat exchange. The experiment on the heat exchange with the bundles (r = 30 and 

G0 ~ covered the range i0 < pe < 600. 

The velocity of the heat-transfer agent varied in the range 0.03 < w < 0.25 m/sec. The per-unit heat 
loads amounted to q = (135-225) �9 103 kcal/m 2 �9 h. Experiments with the bundle at r = 90 ~ were performed 

only with the heat-transfer agent with Pr = 0.007. 

A certain decrease of the heat-exchange data at Pr = 0.03 in comparison with the data obtained with 

Pr = 0.007 is due, in our opinion, to the influence exerted on the heat exchange by a certain difference in 

the boundary condition on the surface of the calorimeter, owing to the different character of the transfer 

flow on the copper and steel surfaces. 

Using the obtained data on heat exchange for bundles with the indicated geometry at ~ = 30, 60, and 

90 ~ we plotted in Fig. 3 the dependence of the relative heat exchange on the angle of inclination of the sur- 

face to the flow direction 
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Nur = f (~p) = sinO.~ 4, 
N%o 

where  Nug0 is  the heat  exchange for  t r a n s v e r s e  flow over  the bundle of given geome t ry  [7]. It follows f r o m  
this plot that when the inelination of the sur face  is var ied  f r o m  ~b = 90 to 30 ~ the heat exchange is dec reased  
20%. 

In Fig. 2, the exper imenta l  r e su l t s  for  bundles at ~b = 30 and 60 ~ a r e  compared  with the theore t ica l  
calculat ions of [4] and the empi r i ca l  fo rmulas  of [5] for  the cor responding  spacings.  The compar i son  shows 
a r a the r  sa t i s f ac to ry  a g r e e m e n t  between the exper imenta l  r e su l t s  and the theore t ica l  calculated lines 
corresponding to equations [4]: 

for  t ts  = (A (1 - cos go) and 

t @ \o,5 [sin , + sin~r o,5 ) ] 

, @ \0.6 r si_n~q_sin~,]o.s 
N u , = 0 . 8 1 [ - ~ L )  Pe~ l+sin2@ J 

(2) 

(3) 

for  q = const. The exper imenta l  fo rmulas  of [5] a re :  

= ~ 0.614 1 [(lh ~~176 s in ,  + s i n ' ,  ]~ 44 + 0.228 t'enode 1 
[ J " 

for  t t s =  A (1 - cos ~0) and 

(@1)~ d)~ s in ,  + sin~* ] ~ 0614 
' [4.6 q- 0.193Pe~ode ] Nu,= ~ .-~- l+sin~, 

(4) 

(5) 

fo r  q = const,  and l ie much lower than the obtained resu l t s ,  the d i sc repancy  increas ing  with increas ing  Pe 
in the invest igated range.  

On the bas i s  of this invest igat ion we can r ecommend  the following formula  for  the calculat ion of the 
heat  exchange of bundles of tubes inclined at an angle (90 ~ _> r _> 30 ~ to the incoming flow of a l iquid-meta l  
h e a t - t r a n s f e r  agent  (0.007 -< P r  _< 0.03) in the Pecle t  number  range  Pe = 10-600: 

,Nu,-  sin~ Nu90, 

which has a s imp le r  s t ruc tu re  than fo rmulas  (2) and (3). 

S 
d 

W 

V 

q 

Pe = wd/a 
Nu = ad/~, 

is the 
is  the 
is the 
is the 
is  the 
is the 
i s  the 
,s  the 
is the 
is the 
is the 
is  the 

N O T A T I O N  

dis tance between tube cen te r s ;  
external  d i ame te r  of tubes; 
angle of tube inclination to flow direct ion;  
ve loci ty  of incoming h e a t - t r a n s f e r - a g e n t  flow; 
h e a t - t r a n s f e r - a g e n t  flow ra te ;  
c r o s s  sect ion of box; 
single hydrodynamic potential near  f rontal  point; 
angle over  the tube-bundle c i r cumfe rence  calculated f r o m  frontal  point; 
heat flux through the tube sur face ;  
t e m p e r a t u r e  of tube sur face ;  
Pee l e t  number.  
Nussel t  number.  
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