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Measurements were made of heat transfer rates and peak heat flux for atmospheric-pressure 
pool boiling, and of adiabatic and diabatic friction factors, nonboiling and local-boiling heat 
transfer rates, and burnout heat fluxes for both axial- and twisted-tape swirl-flow forced con- 
vection of pure ethylene glycol. Test sections were electrically heated copper, 347 stainless 
steel, and A-nickel tubes. 

Both axial- and swirl-flow friction factors are in good agreement with available generalized 
correlations. A t  the higher Reynolds numbers and heat fluxes axial-flow nonboiling heat transfer 
coefficients show a dependence of Nusselt number on NR,"."~ rather than the traditional 
Ni~O.84 Swirl-flow nonboiling heat transfer coefficients from both the glycol data and previously 
obtained water data are satisfactorily correlated by a single equation. Nucleate-boiling heat 
transfer coefficients for both ethylene glycol and water fall approximately 50% above Kutate- 
ladze's suggested average line. The atmospheric-pressure pool-boiling peak flux is 168,000 
Btu/hr. sq. ft. Forced-convection burnout heat fluxes are correlated in a number of ways, includ- 
ing a new additive method which appears to 
coolants, geometries, and flow conditions. 

In order to gain a more complete 
understanding of the influence of 
physical properties on  swirl-flow heat 
transfer, which has been studied at  
Oak Ridge National Laboratory with 
water as coolant ( l ) ,  a swirl-flow 
study of ethylene glycol was initiated. 
The program was broadened to finally 
encompass the pool boiling, forced- 
convection nonboiling and local boil- 
ing, and burnout characteristics of 
ethylene glycol in both axial and swirl 
flow. A few tests were made under 
cooling conditions. The present paper 
is a summary of t h i s  investigation. 

EXPERIMENTAL SYSTEM 

The system used was basically the same 
as that used for the water studies ( I ) .  
Moyno and turbine pumps were used 
singly or together to pump the glycol 
through horizontal copper or 347 stain- 
less steel test sections, resistance heated 
by 60 cycle/sec. a.c. current. The glycol 
was contained in a mixed overhead holdup 
drum which could be steam heated or 
water cooled with internal coils. A cooler 
tube, which folIowed the heater tube in 
some tests, was externally jacketed to 
form an annular flow passage for longitudi- 
nal flow of cooling water; &gauge (3- 
mil-diam. ) chromel/alumel thermocouples 
were embedded in the cooler tube wall. 
An upstream calming section longer than 
40 diam. was used in all axial-flow tests. 
Swirl flow was generated with thin (15 
mil thick) twisted tapes, onto which the 
tubes were drawn, as described in refer- 
ence 1. 

Burnout tests were concluded by phys- 
ical destruction of the test section (usually 
near the flow exit). Burnout was attained 
by slowly increasing the heat flux at essen- 
tially constant velocity, pressure, and inlet 
glycol temperature. 

The pool boiler, which measured 
nominally 6 by 6 by 9 in. deep, was 

A fully detailed description of this work will 
be given in 811 Oak Ridge National Laboratory re- 
port of the same title issued in 1963. 

be generally applicable to a large variety of 

similar to that used by Averin(2). The 
horizontal heater tube was saver soldered 
across two insulated copper end plates 
which served as electrodes; the bottom 
and sides were made of welded stainless- 
steel plate. Thermocouples (chromel/ 
alumel in all tests) were laced inside 
the heater tube and longitu&ial traverses 
made under heating conditions to de- 
termine the location of the isothermal 
zone. External silver voltage leads and the 
four internal thermocouples were then 
located within this zone. 

PHYSICAL PROPERTIES 

Three anal ses of the glycol in the loop 
were made luring the tests; the compo- 
sition ranged from 99.6 to 99.8 wt. % 
glycol (balance water). Values for specific 
heat, liquid density, latent heat of vapori- 
zation, thermal conductivity, and viscosit 
were taken from a supplier bulletin (37 
and from Curme and Johnston ( 4 ) .  Sur- 
face tension was obtained from Lange ( 5 ) ,  
the critical temperature and pressure were 
estimated with Eduljee's additive-contribu- 
tion method ( 6 ) ,  vapor density was cal- 
culated from the gas law with compres- 
sibility factors from the Pitzer-Edmister 
charts (7) ,  and p was calculated from 
available liquid-density data. Some extrap- 
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Fig. 1. Axial flow, nonboiling, heat transfer 
data for pure ethylene glycol. 
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olation of property values was necessary, 
especially for surface tension and latent 
heat of vaporization; some uncertainties 
consequently exist for the glycol property 
data over the temperature range of interest. 
Table 1 is a tabulation of the physical- 
property values used, which were taken 
from best curves through the data. No 
glycol decomposition or wall deposition 
was noted, so fluid roperties were con- 
sidered time indepenffent. 

F R I C T I O N  FACTORS 

Nine isothermal friction factors 
measured for axial %ow of glycol 
through a ?h-in.-I.D. tube deviated by 
2.1% average and 4.8% maximum 
from the standard Moody curve (8) 
for the same relative roughness. The 
Reynolds number range in these tests 
was 4.5 x 10" to 7.5 x lo4. 

Isothermal friction factors measured 
for swirl flow of glycol were in reason- 
able agreement with a generalized 
swirl-flow friction-factor correlation 
developed from water and air data 
(9) : 

(1)  
where 

n = 0.81 exp [- 1,700 ( 4 D e )  1 

Values calculated from Equation (1)  
deviated by a maximum of 16.5% 
from the mean lines through the data 
for swirl flow of glycol through %-in.- 
I.D. tubes with y = 4.8 over the range 

( la )  

2.5 by lo8 < (NRe)a < 9.5 by lo4. 

Swirl-flow friction factors measured 
with 0.136- and ?h-in.-I.D. tubes 
under heating (nonboiling) , and cool- 
ing conditions were correlated with 
about the same accuracy by inclusion 
of the wall-to-bulk viscosity ratio: 

f / f * s .  = ( P w / P D ) n '  (2)  

The exponent 72' for the cooler data 
at  y = 4.8 was considerably smaller 
(0.043) than for the heater data, for 
which n' was found to vary with the 
tape-twist ratio according to 

(3) 
0.3465 

n'= 0.140-- 
!t 

over the range 2.26 < y < M. 
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TABLE 1. PHYSICAL PROPERTIES OF ETHYLENE GLYCOL' 

t, ( "C.) 
Property 20 50 100 150 200 250 300 

( c p )  I, B.t.u./lb. OF. 0.560 0.595 0.653 0.712 0.769 0.827 - 
ILL, Ib./ft. sec. x loa 14.7 4.9 1.45 0.60 0.28 0.13 0.053 
ki, B.t.u./hr. ft. OF. 0.168 0.154 0.133 0.109 0.086 0.071 0.061 
(NP, ) l  157 68 26.2 15.4 11.8 - - 
pi, lb./cu. ft. 69.50 68.22 65.92 63.23 60.38 54.37 45.25 
( / ~ u ) n a t ,  lb./cu. ft. - 
p', lb./sq. in. abs. 0.00097 - - - 17.8 114 510 
h, B.t.u./lb. - 
u, dynes/cm. 47.7 45.4 40.0 33.2 25.6 17.5 8.9 
pc, ( "C)-1 x los 0.626 0.654 0.773 0.894 1.015 

- - - 0.123 0.776 6.31 

- - 409 374 322 249 

- - 
' CaH4(OH)p M = 62.1. Normal boiling point = 197.5'C. Freezing point = -13.0'C. Estimated critical properties: Tc = 1,133'R. = 629'K.; P c  = 

1,043 lb./sq. in. abs. = 71.0 atm. abs. 

NONBOILING HEAT-TRANSFER 
COEFFICIENTS 

Axiol Flow 

In a previous study Bernard0 and 
Eian (10) correlated their data for 
ethylene glycol and its aqueous solu- 
tions, in addition to comparative data 
for water and n-butanol, by the equa- 
tion 

("u)bm = 0.048 (N~, )g0'"  ( N P T ) c 4  
(4)  

For the purest glycol tested (AN-E-2 
grade, 94.5 wt. % glycol) the tests of 
reference 10 were conducted at mod- 
erate Reynolds numbers, 5.0 by lo3 < 
(NR, )  b < 3.15 by lo', and at very low 
heat fluxes, 0.035 by 10' B.t.u./hr. 
sq.ft. maximum. 

The nonboiling tests of the present 
investigation were conducted at higher 
Reynolds numbers (up to 63,000) and 
at much higher heat fluxes (2.40 by 
10' B.t.u./hr.-sq.ft. maximum). The 
results are shown in Figure 1, wherein 
the glycol data are correlated within 
average and maximum deviations of 
7.3 and 17.8% by 

(NN,) bm = 0.00465 (NR.)  (Npv)  b o 4  
(5)  

A t  N R .  < lo4 Equation (5) tends to 
underestimate the Nusselt number, and 
a curved or two-segment line, coincid- 
ing with the National Advisory Com- 
mittee for Aeronautics line at low 
Reynolds numbers, would probably 
give a better overall representation. I t  
was at first thought that the result ex- 

pressed by Equation (5) was in error, 
but a very extensive check of the sys- 
tem (rotameters, thermocouples, instru- 
ments, and heat generation external to 
the test section) confirmed the valid- 
ity of the data. It was subsequently 
learned that similar studies at  Rocket- 
dyne with organic liquids flowing at 
high velocities and under large im- 
pressed heat fluxes also consistently 
gave a Reynolds number exponent 
larger than the traditional 0.8. For 
RP-1 fuel (kerosene) for example the 
Rocketdyne data were best correlated 
by ( 1 1 )  cc (NRB)?86, for di- 
ethylcyclohexane by ( 1 1 )  ( N N , ) ,  a 
(N, , ) ,"",  and for hydrazine by (12) 
( N , , , ) ,  a (N,.),".". It  may also be 
noted that the present results are cor- 
related within an average deviation of 
-+ 16.5% by the extended analogy of 
Friend and Metzner ( 2 4 ) ,  which pre- 
dicts a variable Reynolds number ex- 
ponent. 

Such results may be explained in 
part by the variation of the friction 
factor with Reynolds number. The 
Colburn type of analogy 

N d N p : "  = ( f / 8 )  Nze (6)  

gives the usual variation of Nusselt 
number with NR,".8 only when f / 8  is 
correlatable by the average and Reyn- 
olds number-limited relation f/8 = 
0.023/N,,".". At low wall Reynolds 
numbers, as in the National Advisory 
Committee for Aeronautics tests ( l o ) ,  
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Fig. 2. Swirl flow heat transfer data, heating (ethylene glycol 
and water). 
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the friction-factor curve is steeper and 
the Reynolds number exponent < 0.8, 
whereas at high wall Reynolds num- 
bers, as in this study, the friction-fac- 
tor curve is flatter and the Reynolds 
number exponent > 0.8. By wall 
Reynolds number is meant a Reynolds 
number evaluated with physical prop- 
erties taken at the wall (or film) tem- 
perature. Such a Reynolds number 
appears more pertinent in the subject 
case, which is characterized by a large 
radial contrast of fluid properties, es- 
pecially of viscosity. In addition ex- 
treme gradients in the radial tempera- 
ture and velocity profiles caused by the 
combination of high heat fluxes and a 
large Prandtl number could be suffi- 
cient to render the normal Nusselt 
number correlations inadequate. 

Swirl Flow 

The glycol data were first compared 
with the earlier correlation developed 
for swirl-flow water ( I ) ,  that is a log- 

( p  At) ;''//y, where h,, is calculated 
from 

log plot of h,,/h,, VS. (Na, /NR,")a  

0.023 C p b  G [I 3- (D</L)" ' I  
ham = 

( N P - )  :I3 (NRe) 2 
( 7 )  

This correlation procedure gave a 
mean line through the glycol heating 
data  (8.9% average deviation for 
sixty-five points) which fell + 30% 

Fig. 3. Swirl flow heat transfer data, cooling (ethylene glycol). 
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Fig. 4. Swirl flow heat transfer data, heoting (ethylene glycol 
and woter). 
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above the water line. Eight check tests 
with water at  y = 4.73 were within + 7% of the original line (1). The 
twenty-four cooling points did not cor- 
relate, giving a broad scatter of he,,,/ 
h,, over a narrow range of ( N o , /  
NE.").. If Equation (5)  rather than 
Equation (7) is used for calculating 
ham for glycol, the glycol curve is low- 
ered into better agreement with the 
earlier water data at  large values of 
(No, /N, ,2) ,  but with no improvement 
at small values, where the glycol data 
now fall below rather than above the 
water line. 

The swirl-%ow heat transfer coeffi- 
cient data may also be correlated on 
the basis of buoyant force per unit 
fluid volume, that is with 

( P  B At)  7 u," ~ 

Fb/V  = 
2 y2Dt g, 

(8)  
( P  B P t )  I u," 

$ Di 

Results for heating are given in Figure 
2, where the average deviations for 
the water and glycol data are 11.7 
and 8.9%, respectively, and for cool- 
ing in Figure 3 (13.2% average devi- 
ation). The cooling data may be ex- 
pected to scatter more since the bulk- 
temperature changes were generally 
much smaller than in the heating 
tests. The buoyant-force correlation of 
Figures 2 and 3 indicates that h J  
ham increases with liquid-film tempera- 
ture gradient and centrifugal intensity 
with heating, but decreases with cool- 
ing, This is reasonable since with heat- 

Fig. 5. Combined nucleate boiling heat transfer data, ethylene 
glycol ond woter. 

ing, buoyant forces remove hotter fluid 
from the wall, while with cooling the 
same forces act to keep the cooler, 
denser %uid on the wall. The heat 
transfer coefficient ratio is still > 1 
with cooling however, probably be- 
cause of enhanced turbulence with 
swirl flow. 

All of the glycol and water swirl- 
flow heating data were correlated by 
a single line, as shown in Figure 4, by 
plotting ( N N , )  ,,/N,,' N p P t  vs. Fb/v .  
Average exponents were determined 
by separate cross plotting to be s = 
0.89 and t = 0.6. In previous correla- 
tions the Prandtl number exponent had 
been assumed to be 0.4 in the Nusselt 
form or 2/3 in the Colburn form. The 
resulting correlation 

("u)sm 

L ( N R B ) ( ~ . ~ ( N P ~ ) ~ "  I =  b 

fits the 103 points of Figure 4 within 
an average deviation of f 12.0%. The 
dimensional group on the right side 
of Equation (9) and in Figures 2 to 4 
should be evaluated in units of pounds 
per cubic foot, feet per second, and 
feet. 

Koch (13) hypothesized that the 
heat transfer enhancement associated 

tensity, fluids of small Prandtl number 
benefiting the most. The 0.6 Prandtl 
number exponent of Equation (9) 
suggests, on the contrary, that the im- 
provement is greatest for fluids with a 
high thermal resistance near the wall 
(large Prandtl number), and that 
buoyant action can be more important 
in swirl %ow than increased turbu- 
lence. This does not imply however 
that turbulence intensification is not a 
factor in swirl %ow, since even with 
cooling the heat transfer coefficient 
ratio is still generally > 1. Further ex- 
periments will be required to deter- 
mine the relative contributions of tur- 
bulence and of buoyant action. 

NUCLEATE-BOILING HEAT-TRANSFER 
COEFFICIENTS 

Pool-Boiling Tests 

Pool tests were conducted with gly- 
col and water outside horizontal A- 
nickel tubes (Y4 in. by 35-mil wall by 
6 in. long) at  a pressure of 739-mm. 
mercury (plus - 3-in. liquid head). 
Average initial and after-test root mean 
square external surface roughnesses 
were 39 and 53 pin., respectively. The 
results are given in Table 2. The pre- 
cision of the data in these tests was 
-C 5% average, with respect to heat 
flux, for all the points. 

with various types of turbulator tube Overall Csrrelation 
inserts, including twisted tapes, is The glycol and water pool-boiling 
caused by an increased turbulent in- data were combined with the forced- 

convection data for water and dvcoI 
TABLE 2, ATMOSPHERIC-PRESSURE SATURATED POOL-BOILING TEST RESULTS and reduced in accordance with guts- 

teladze's dimensionless nucleate-boiling 
equation ( 1 4 ) ,  as described by Zuber 
and Fried (15)  : At boiling 

Num- Iso- 
her thermal 

Fluid points zone Ateat,  "F. Slope* $b@ ( A t , ) b .  h b o  

0.5 Distilled water, this study 24 0.76 L h  17.6-43.0 2.4-3.6 485,000 43.0 11,400 
Distilled water, Averin (2 )  - - - - 461,000 47.7 9,440 $ (5) (7.0 

- 
I_- Pure ethylene glycol 9 0.56 Lh 27.7-49.9 3.8-5.9 168,000 49.9 3,380 

0 Slope of curve of heat flux vs. wall superheat. 
t British thermal units, hours, feet, and degrees Fahrenheit. 
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The data fall about a line 51% above 
Kutateladze's suggested average line, 
as shown in Figure 5. The heat flux 
correlated is the boiling heat flux, that 
is total 4 minus ($),a calculated from 
Equations ( 5 )  and (9)  for axial and 
swirl flow, respectively. Note that for 
nondimensionality with English engi- 
neering units the surface tension in 
Equation (10) and in Figure 5 must 
be expressed as pound-mass per hour 
squared. 

To bring the swirl data into approxi- 
mate agreement with the pool-boiling 
and axial-flow data it was necessary to 
introduce into Equation ( l o ) ,  as 
shown in Figure 5, the empirical fac- 
tor ( a / g  ) O.=. Attainable superheats 
are larger with swirl flow than with 
axial flow, and Atesst = At,,t/(a/g)o.." 
was found to be of the same order as 
observed for pool boiling and axial 
flow. Unlike Rohsenow's correlation 
(16) Kutateladze's does not contain a 
constant which is adjustable for spe- 
cific surface-fluid combinations, so that 
some nucleate-boiling data would be 
expected to deviate considerably from 
his average line. 

2 -  

BURNOUT HEAT FLUX 

Pool Boiling 

In the dimensionless Kutateladze 
equation for pool-boiling burnout (14) 

_ _  , / , / , , , , ,  

(11) 

Zuber maintains (17) that 0.120 < K 
< 0.157. Available experimental data 
(14, 18) however give a maximum K 
range of 0.08 to 0.23. The K values 
for the water and glycol data of Table 
2 are 0.182 and 0.121, respectively. 

I. WATER SWIRL FLOW imn LINE)-+IO I % AVG-REF I 
2. ETHYLENE GLYCOL SWIRL fLOW-f6.0% AVG 
3. ETHYLENE GLYCOL A X I A L  FLOW 

1188'F AVGaI,ubI-?6.59nAVG. [ 
I I , I I l l 1 4  104 1 

10' 2 5 lo4 2 4"104 
i j / l L h / D ,  12 

Fig. 6. Ethylene glycol burnout data compared 
with swirl flow burnout correlation for water. 

Axial Forced Convection 
All forced-convection burnout data 

are given in Table 3; test-section L / D  
ratios ranged from 29 to 102. Flash 
fires occurring at burnout discouraged 
further tests, since the facility was not 
designed to handle fires or explosions. 
The fires, which were of brief duration 
(a  few seconds), were generally more 
severe with axial flow than with swirl 
flow. 

The burnout correlations of Grif- 
6th (19) and of Bernath (20) predict 
values of burnout heat flux considera- 
bly lower (50% and more) than those 
observed. A new additive burnout 
method (21 ) also consistently predicts - 43% low; this result appears anom- 
alous since the swirl glycol data are 
well correlated by this method, and 
some 900 other point comparisons with 
data taken from the literature are in 
much better agreement. 

The axial burnout data may be em- 
pirically correlated with an equation 
of the type used by Gunther for low- 
pressure water (22) by altering only 
the coefficient: 

( $ b o )  (I = 3,330 U1" (At,,,) b o  (12) 
where u is in feet per second, Atauh in 
degrees Fahrenheit and 5, in British 

thermal units per hour-square feet. 
Average and maximum deviations for 
Equation (12) are 13.5 and 21.6%. 
Since only five axial tests were made, 
a more refined empirical correlation 
would be valueless. The axial data are 
also plotted in Figure 6 (units of 
British thermal units, pounds, hours, 
and feet), which pertains primarily to 
swirl flow. 
Swirl Forced Convection 

In four of the swirl tests burnout 
occurred near the test-section inlet. 
This had never occurred previously 
during water swirl-flow burnouts; but 
since no upstream calming section is 
provided for the swirl test sections, it 
is believed that the greater viscosity 
and Prandtl number of the glycol did 
not allow the coolant flow to develop 
sufficiently before it was exposed to 
high heat fluxes. This explanation is 
supported to some extent by the fact 
that in three of the four inlet burnouts 
the tape-twist ratio and inlet-bulk tem- 
perature were small. 

The Griffith (19) and Bernath (20)  
correlations generally gave, as with 
the water swirl burnout data ( I ) ,  
quite large deviations. The best cor- 
relation for the water data (1) was 
applied to the present results as shown 
in Figure 6. As noted in reference 1 
swirl burnout fluxes appear to be 
nearly independent of subcooling. 

A new additive prediction method 
(21) may be summarized as follows: 

where 
4o = [Equation ( l l ) ]  X 

$b = $* + +nb (13) 

The second bracketed term in Equa- 
tion (14) is Kutateladze's empirical 

TABLE 3. FORCED-CONVECTION BURNOUT TESTS WITH ETHYLENE GLYCOL 

Xbo (r$bo),*** 
Test section 

Test E ,  pin. root t h l ,  pbo ,  ( % ) D o ,  ( t s a t ) b o ,  ( t b ) b o ,  (Atsub)ao ,  a/&?, - 10*B.t.u./ 
no. D4, in. Lb, in. Material yQ mean square! 'F. lb./sq. in. ah%** ft./sec. 'F. 'F. "F. gees++ Ln hr. sq. fi. 

- 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
347 ss 
347 ss 
Copper 
Copper 

4.73 
2.26 
2.43 
7.73 
11.81 
12.10 
12.05 
7.74 
2.18 

No tape 
No tape 
Nota e 
2.4? 
2.38 
No tape 
No tape 

17.7 
24.3 
63.3 
43.3 
27.9 
20.4 
27.5 
21.5 
22.7 
32.9 
29.6 
37.8 
27.3 
28.2 
25.8 
t t t  

138 
72 
148 
73 
127 
98 
115 
73 
145 
124 
127 
149 
111 
103 
124 
122 

41.0 
279.0 
140.0 
170.0 
43.9 
20.4 
33.3 
19.9 
27.1 
19.5 
31.7 
31.4 
36.9 
64.2 
87.7 
29.1 

90 
419 
77 
426 
167 
139 
184 
96 
97 
I56 
181 
155 
324 
342 
264 
185 

Checked by x-ray measurements. 
f Average value determined after test at 3 to 8 axial positions. 

O Q  All pressures are subcritical. 
t t  Calculated from equation based on rotating slug-flow model ( I ). *** The local ujbo  at the burnout site. which is the value listed, ditfered from the tube-average ujbo by <5% in all cases. + t t Not measured. 

213 
7 510 
178 
204 
62 
484 
98 

6,940 
1 
1 
1 

564 
1,221 

1 
1 

9390 
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dimensionless subcooling factor for 
pool-boiling burnout ( 2 3 ) ,  and ( t ,  ) Ilo 

in Equation (15) is evaluated with 
Bernath‘s generalized graph ( 2 0 )  of 
( A t s a t ) a o  VS. Tsat/Tc. The specific heat 
is evaluated at the reference tempera- 
ture t‘. This method, which is an ex- 
tension to the burnout condition of 
Rohsenow’s additive technique for 
local-boiling heat transfer rates below 
burnout (16), correlates nine of the 
glycol burnouts (two inlet burnouts 
omitted) within average and maximum 
deviations of 12.5 and 39.3% when K 
is taken as 0.16 and h,, evaluated with 
the glycol data of this study. 

GENERAL CONCLUSIONS 

1. Equation (1) appears to be ade- 
quate for predicting isothermal fric- 
tion factors for a variety of fluids in 
swirl flow. 

2. Organic fluids, and perhaps 
water, give larger nonboiling axial-flow 
heat transfer coefficients at high veloc- 
ities and heat fluxes than predicted by 
standard correlations. For such condi- 
tions the Reynolds number exponent 
appears to be nearer 1.0 than 0.8. 

3. Use of Fb/u gives a better over- 
all correlation of heating and cooling 
swirl-flow heat transfer coefficient data 
than does ( No, /NB,“)  *. Equation (9) 
adequately correlates all available Oak 
Ridge National Laboratory swirl-flow 
heating data. 

4. With saturated pool boiling, axial 
forced-convection local boiling, and 
swirl forced-convection local boiling, 
respectively, ethylene glycol is charac- 
terized, for the variable ranges of this 
study, by burnout heat fluxes - 1/3, 
1/2, and 3/4 those for water at the 
same conditions of geometry, velocity, 
pressure, and bulk temperature. 
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NOTATION 
a = local acceleration 
c ,  = constant-pressure specific heat 

of fluid 
D = flow-passage diameter 
f = Darcy friction factor, 

2 g,D,ap/u.“ L. pa, dimension- 
less 

F,/v = buoyant force per unit fluid 
volume 

g = local gravitational acceleration 
g, = conversion constant, L * M / @ F  
G = mass velocity of fluid, pV 
N o ,  = Grashof number, D” pa a fl 

(at) ,/$, dimensionless 
6,  = resultant mass velocity of fluid, 

h = surface heat-transfer coefficient 
k 
K 

p v ,  

= thermal conductivity of fluid 
= constant in Equation (11) 

L 
LB = local boiling 
M = molecular weight 
n, n’, s, t = exponents 
ATN, = Nusselt number, hD/k , ,  di- 

Npr = Prandtl number, cpEL/k, di- 

Nzs  = Reynolds number, D G/pI ,  di- 

1” = absolute pressure 
p ”  = absolute vapor pressure 
Ap = pressure drop 
t = temperature 
t’ 

T = absolute temperature 
Atf = film temperature change, ( tw 

Atsat = wall superheat, (t ,  - La*) 
AtsUb = degree of subcooling, (tan, - 

zc = velocity of fluid 
xao = distance from heated inlet to 

y = tape-twist ratio, inside diame- 

Greek Letters 
/3 = volumetric coefficient of ther- 

mal expansion of fluid 
E = mean root mean square height 

of surface roughness elements 
x = latent heat of vaporization of 

coolant 
p = dynamic viscosity of fluid 
p = density of fluid 
4. = phase density difference, (pz  - 

(r = surface tension of liquid 
d, = heat flux into fluid 
Subscripts 
n = axial flow; based on D ,  and u, 
b = bulk coolant, boiling contribu- 

bo = burnout value; at burnout site 
c = critical; cooled 
E = equivalent; based on D, and 

U, 
f = at arithmetic-average film tem- 

perature 
h = heated 
i = internal 
is0 = isothermal 
I = liquid 
m = mean 
nb = nonboiling 
r = resultant value 
s = swirl flow 
sat = saturation value 
t~ = vapor 
w = at wall 
1 = at test-section inlet 
LITERATURE CITED 
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