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Results are presented from an experimental study of heat transfer in a turbulent 
helium flow under conditions of forced and mixed convection in horizontal pipes. 

The cooling of several types of power equipment with low-temperature helium involves the 
use of heat exchangers with horizontal channels. The helium flow may become layered across 
the channel as a result of thermogravitational forces and the appearance of secondary flows. 
It should be noted that experimental studies of heat exchange in the flow of supercritical 
helium have been performed mainly on vertical pipes [I-6], with the effect of thermogravita- 
tional forces being weak. Only recently have several works been published [7-12] which pre- 
sented results of tests of helium flows in horizontal pipes. In [7-10] the cooling regimes 
corresponded to conditions in which the thermogravitational effect was slight. With an in- 
crease in the thermal load, investigators [7] noted the onset of temperature fluctuations on 
the pressure wall. Experimental studies of heat exchange in a helium flow characterized by 
mixed convection [11, 12] showed that heat transfer differed significantly on the upper and 
lower generatrices of a horizontal pipe: heat transfer decreased on the upper generatrix 
and increased on the lower generatrix with an increase in thermal load. 

Here there arises the question as to the ratio of heat transfer on the sections between 
the upper and lower pipe generatrices in the cases of mixed and forced convection. It may 
be suggested that the heat-transfer coefficients are equal on a section near the middle 
generatrix of the pipe. This problem is also methodologically important in connection with 
the need to properly install temperature transducers on the wall of horizontal channels of 
small diameter. 

The present work attempts to determine heat transfer on the middle generatrix of hori- 
zontal pipes of different diameters within a broad range of Gr numbers and to compare the 
data with well-known empirical data on vertical pipes, when there is no layering of the 
coolant across the channel and the flow regime is close to forced convection. One of the 
problems encountered also is comparing test data on the middle generatrix with theoretical 
values found from correlation equations (I) [13] and [14], which adequately generalize test 
data on heat transfer to helium [I, 2, 4] with boundary conditions of the second type and 
forced convection in normal, "deteriorated," and "improve~' heat-transfer regimes: 

NU (Twl~) -~ 

Nuo m+(1--m) ~--~w~ -{-0.4exp 1--T* 

where m = 0.5. 

Such a comparison was made for pipe sections with stabilized thermal and hydrodynamic 
characteristics. We assumed that thermal stabilization for horizontal pipes in a regime of 
mixed convection begins at a distance greater than x/d = 50 from the beginning of the pipe 
heating section. 

The tests were conducted in horizontal stainless-steel pipes of large and small dia- 
meter. 
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TABLE ! .  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2O 
21 
22 

Regime Parameters and Test Data (d e = 18 mm) 

loG'kg/ 
$r 

0,52 
1,08 
1,08 
0,26 
0,24 
4,56 
0,46 
0,47 
0,46 
0,12 
0,13 
0,12 
1,06 
0,87 
0,12 
2,25 
2,24 
2,24 
0,45 
0,44 
1,29 
0,98 

W / m  z 

169,1 
384,1 
383,2 
176,4 
117,6 
352,6 
66,4 

187,4 
182,8 
37,7 
37,7 
37,9 

165,2 
71,7 
37,8 

308,2 
307,7 
309,4 
182,8 
182,8 
582,6 
293,9 

To, K 

15 
6,5 
6,8 

13,2 
24,96 
28,05 
5,09 
6,54 
4,61 
4,65 
4,69 
4,61 
4,61 
4,6 
4,7 
4,6 
4,6 
5,2 
5,2 

42,9 

A, SI 
I m l u  

42,8 
34,2 
55,1 
79, I 
56,3 
15,8 
18,5 
51,3 

51 
30,9 

29 
31 

23,7 
12 
31 

24,2 
24,2 
24,4 
51,9 
52,~ 
71,3 
44,9 

0,120 
0,178 
0,248 
0,13 
0,113 
0,165 
0,274 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,245 
0,235 
0,235 

f T----Y--w _ 
�9 [ Nu jNu 

~=~/2 I 

26,36 I 0,71 

19,89 i 0,76 20,11 0,79 
33,4 0,89 
41,5 0,61 
30,8 0,96 
7,65 1,03 

18,54 0,92 
15 0,93 

I0,62 1,07 
9,97 I ,32 
10,5 1,1 
8,59 1,07 
5,85 1,21 

10,59 1,08 
8,31 1,2 
7,9 1,4 
8,6 1,05 

15,6 0,94 
17,5 I ,I 
56,9 1,0 

52 0,98 

The large-diameter model was made from a pipe with an inside diameter d = 19 mm, wall 
thickness of 0.5 mm, and length of the heated section L = 2.85 m. A rod with an outside dia- 
meter dr = 6 mmwas placed in the pipe tO measure thetemperature profile of the flow, The 
thermal load was created by electrically heating a coil wound around the outside surface of 
the pipe. Copper-(copper-iron) thermocouples were used to measure the temperature of the 
flow at the inlet to the test section and at its outlet, as well as the temperature of the 
wallon the middle generatrix at a distance x/de = 90.3 from the beginning of the heated 
section. An experimental unit and model weredescrlbed in [Ii]. 

A small-diameter model was made from a pipe with an inside diameter d = 1.4 mm, wall 
thickness of 0.I mm, and length of heated section L = 545 mm. The thermal load was created 
by passing a direct current through the model. The experimental unit was described in [10]. 
To reduce heat inflow from the outside, the pipe was placed in a horizontal cryostat with 
shields cooled by liquid nitrogen and helium. The current and transducer leads were ther- 
mally stabilized by nitrogen and helium shields with a reverse helium flow. The temperature 
of the helium flow at the inlet and outlet of the test section was measured with TSG-2 resis- 
tance thermometers that were placed in specially designed mixing chamber which ensured a 
uniform temperature across the flow. 

The wall temperature was monitored by KG resistance thermometers (IP AN Ukrainian SSR) 
installed at a distance x/d = 11, 18, 25, 32, 40, 50, 61, 75, 93, I14, 140, 182, and 239 
from the beginning ofthe heated section. The thermometers were placed in copper clamps 
which were electrically insulated from thepipe and were fixed on the middle generatrix of 
the pipe. 

The tests were conducted in the range of regime parameters: I) for the pipe with d ffi 19 
mm, P = 0.12-0.28-I06 N/m 2, To = 4,6-42.9~ G =0.12-4.6-I0 -~ kg/sec, qw = 37-590W/m 2 

TABLE 2. Regime Parameters (d = 1.4 r~n) 

�9 No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

,o-r'.,m. 

0,247 
0,245 
0,241 
0,238 
0,245 
0,584 
0,608 
0,618 
0,559 

l o o. k g / s ~  

0,211 
0,125 
0,120 
0,123 
0,042 
0,082 
0,119 
0,082 
0,0737 

qw, W/mZ 

2169 
2936 
3774 
4917 
3797 
1548 
3452 
3819 
4764 

To, K 

4,56 
4,57 
4,54 
4,55 
4,88 
4,75 
4,85 
4,73 
4,64 

A. ~UalU 

II ,4 
23,4 
31,I 
39,7 
72,4 
17,3 
28,6 
42,6 
57,9 
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Fig. I. Comparison of experimental heat-transfer coefficients 
with theoretical values for forced convection in relation to 
thethermogravitational-effect parameter rq: a, b) Nu from 
Eq. (]); c) Nu from the equation in [14]; with de = 18 mm(I) 
regimes Nos. 1-22 (Table l); with d = ].4 rm~(2) regime No. l; 
3) No. 2; 4) No. 3; 5) No. 4; 6) No. 5; 7) No. 6; 8) No. 7; 
9) No. 8; ]0) No. 9 (Table 2). 

(Table I); 2) for the pipe with d = ].4 mm, P = 0.24-0.62"106 N/m 2, To = 4.5-8~ G = 0.07- 
0.]3"]0 -3 kg/sec, qw = 950-7300 W/m 2 (Table 2). 

The amount of heat overflow was insignificant (less than 7% of qw) in the investigated 
wall-temperature range due to the low thermal conductivity of the material. 

The helium temperature was both greater and less than the pseudocritieal temperature T m 
during the tests. The flow temperature T = T m was found at the beginning of the heated 
section in most of the regimes. This was connected with the relatively high temperature of 
the flow To at the inlet ((To)min = 4 -SoK) and the large thermal loads (A to 70 SI units). 
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Fig. 2. Change in wall temperature 
Tw (K) along the pipe with d = 1.4 
mm at P = 0.6"106 N/m2: I) Tw from 
Eq. (I); 2) Tw from the equation in 
[14]; 3) regime No. 4; 4) No. 7; 5) 
No. 8; 6) No. 9 (Table 2). 
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Fig. 3. Change in the wall temperature Tw along the pipe 
with d = 1.4 mm at P = 0.25.106 N/m2: I) Tw from Eq. (I); 
2) Tw from the equation in [14] ; 3) regime No. I; 4) No. 2; 
5) No. 3; 6) No. 4; 7) No. 5 (Table 2). 

Fig. 4. Profile of wall temperature Tw (~ with P ffi 0.15" 
106 N/m2: I) Table 2; 2) data from [4]; a) I -- regime No. 
1 ;  2 - -  P = 0 . 2 5 3 . 1 0  6 N/m 2 ;  G ffi 0 . 2 4 3 - 1 0  - ~  k g / s e c ;  qw ffi 
1766 W/m=; To ffi 4 . 0 4 8 ~  A = 11 .3  SI  u n i t s ;  d ffi 2 . 1 3  mm; 
b)  I -- r e g i m e  No. 2 ;  2 - -  P = 0 . 2 5 3 , 1 0 6  N/m=; Gf f iO .418 ,10  -3  
k g / s e c ;  qw = 2535 W/m2; To = 4 . 0 4 7 ~  A = 2 2 . 5  SI  u n i t s ;  
c)  I -- r e g i m e  No. 3; 2 - -  P = 0 . 2 5 3 - 1 0 6  N/m=; G = 0 . 4 0 1 " 1 0  - 3  
k g / s e c ;  qw = 4728 W/m=; To = 4 . 0 4 9 ~ K ;  A ffi 3 1 . 6  S I  u n i t s ;  
d) 1 -- r e g i m e  No. 4 ;  2 - -  P = 0 . 2 5 3 . 1 0  e N/m=; G ffi 0 . 4 2 3 " 1 0  - 3  
k g / s e c ;  qw = 6015 W/m=; To = 4 . 0 5 3 ~  A ffi 3 8 . 5  SI  u n i t s .  
H, 10-"  J/kg. 

It was found that heat transfer on the stabilized section on the middle generatrix of 
the tube with d ffi 19 mm was close to the heat transfer in forced convection (Eq. (I)) within 
a broad range of values of the parameter describing the thermograv~t~tional effect rq (Fig. 
l a and b). 

Despite the small diameter, the thermogravitational effect should be substantial on the 
pipe with d = 1.4 am, since the parameter rq reached 70 in [16.]. However, on the middle 
generatrix of the pipe, as for the pipe with d -- 19 am, heat transfer was ithe same as in 
forced convection on the section of stabilized heat transfer with P ffi 0.6-106 N/m z (Fig. 2a- 
d). With P = 0.25"106 N/m 2, the agreement with the values calculated from Eq..(1) is less 
satisfactory, particularly near Tm, beginning with A greater than 20 Sl units (Fig. 3). A 
comparison made using the correlation relation for forced convection [14] (Fig. Ic) showed 
better agreement for 20 Sl units < A <-40 Sl units (Fig. 3b, c, and d) and poorer agreement 
in the regions A < 20 SI units and A > 40 Sl units (Fig. 3a and e). 

The measurements on the middle generatrix of the horizontal pipe in the range of rq up 
to 40 agree satisfactorily with the data obtained in [4] (Fig. 4) on vertical pipes with an 
upward flow of helium when the thermogravitational effect on heat transfer is slight, 
Grp/Re 2 < O.01. 

2 5 0  



Thus, it can be assumed that heat transfer to helium on the middle generatrix of a hori- 
zontal pipe with a low-heat-conducting wall in regimes of mixed turbulent convection can be 
adequately described within a broad range of values of the parameter indicating the thermo- 
gravitational effect on heat transfer Pq (up to I06) by the correlation relations in [13, 
14] for forced turbulent convection. 

NOTATION 

x, distance from the beginning of heating, m; d, inside diameter of the pipe, m; de, 
effective diameter of the annular channel, m; qw, heat flux, W/m2; G, mass rate, kg/sec; pu, 
specific mass rate, kg/sec-ma; P, pressure, N/ma; To, temperature at the inlet, OK; Tw, tem- 
perature of the inside surface, ~ T, mean mass temperature of helium, ~ Hw, enthalpy of 
helium at Tw, J/kg; H, Cp, p, p, %, ~, enthalpy of flow, specific heat, density, viscosity, 
thermal conductivity, and coefficient of cubical expansion at T, respectively; Nue, experi- 
mental value of the Nusselt number; Nu, calculated value of the Nusselt number; A = qwd~ 
(pu) ~ parameter of the boundary conditions of the regime, SI units; Nuo = 0.023Re~ ~ 
Grq = Bp2d4gqw/~2; Grp = gp2 (! _ Pw/P) d3/~2; Fq = Grq/~r L, parameter of thermogravita- 
tional effect on heat transfer [16]; Gr L = 3"10-JRe2"75Pr ~ [I + 2.4Re-~ ~/3 -- I)], 

limiting value of the Grashof criterion [15]; T* = T at T < Tm; T* = Tm at T > T m. 
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TURBULENT FLOW IN A RECTANGULAR CAVITY IN THE WALL 

OF A TWO-DIMENSIONAL CHANNEL 

Ya. I. Kabakov and A. I. Maiorova UDC 532.517.4 

Results are presented of a theoretical and experimental investigation of flow of 
a turbulent incompressible liquid over a rectangular cavity of relative depth 
I-3. 

Separated flows of liquid or gas associated with flow over a cavity in a solid wall are 
encountered in many engineering installations. Such flows have received extensive study, in 
regard to their external features. Reference [I] has reviewed the experimental investiga- 
tions of flow of a thick boundary layer over a rectangular cavity in the wall of a wind 
tunnel. Reference [2] has experimentally studied supersonic gas flow over a cavity in the 
wall of a two-dimensional channel, with a relative cavity depth to width of from 0.35 to 1.0. 
Reference [3] has presented results of measurement of the velocity of flow of an imcompres- 
sible liquid in a square cavity of width equal to four channel heights, at an incident stream 
Reynolds number of %7.5.103. Below we present results of an experimental and theoretical 
investigation of turbulent flow of an incompressible liquid in rectangular cavities in the 
wall of a two-dimensional channel for a cavity width equal to the channel height, relative 
depths of from I to 3, and Reynolds numbers from I0" to 3.5"I0 s 

I. The turbulent characteristics were measured on an experimental facility, in the 
form of a channel of square section with side H = 0.I m, made of clear plastic. The total 
channel length was 3.5 m. At a distance of 2.5 m from the channel entrance there was a rect- 
angular cavity of extent d = H = 0.I m, and the depth was varied in the range 0.1-0.3 m. The 
air entered the experimental facility from the atmosphere through a smooth entrance section, 
and was drawn in by vacuum pumps. The air velocity on the channel axis was varied from Uo = 
17 to Uo = 60 m/sec with the help of a slide valve located at a distance of I m downstream 
of the cavity. To measure the velocities and the intensity of turbulence we used a constant- 
temperature hot-wire anemometer with a frequency characteristic of 30 kHz. 

The main bulk of the measurements was made in the central plane of the channel. To 
determine the nature of the flow, we made control measurements at various longitudinal sec- 
tions of the cavity. In the test range of Reynolds number, a noticeable breakdown of the 
two-dimensional flow was observed at distances up to 0.1d from the end walls. Taking into 
account what was said above, one can consider the flow to be approximately two-dimensional. 

2. The method of calculation used in this work is based on numerical integration of 
the full system of steady-state Reynolds equations [4] for two-dimensional flow of an in- 
compressible fluid: 

( ) - _ a U  V aU = aP a~u a~u a .  ~ auv  
u - i E  + oy - - i f "  + ~ - 1 ~  + - ~  - ox oy ' 

) - _ OV OV OP ( OzV i~V any ov z 
U ~ 1  + v og = - - f f f  + "  . ~ - ~  + - ~ -  Ox oy ' 

aU av 
+ - - -  = o .  

#x Oy 

(1) 
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