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Inside an Annulus and Past a
Coiled Wire:
Part ll—Correlation of Data

In Part I of this paper, the authors reported an extensive series of heat transfer data
Jor subcooled boiling of heptane in turbulent flow in an annulus, and in laminar
Slow past a coiled wire. These data plus some new measurements for laminar flow in

the annulus were compared to the predictions of some 12 correlations from the
literature. The applicability of these correlations to the present data is determined
and a combination of correlations proposed to predict heat transfer with satisfac-

tory accuracy.

Introduction

The calculation of convective and subcooled boiling heat
transfer rates depends largely on available empirical or semi-
empirical formulae [1]. The accuracy of predictions of these
correlations is uncertain for conditions outside the range of
the original data from which they were derived. This is
especially true if the flow geometry or the fluid to be used is
different from that of the original study. In Part I of this
paper, the authors reported heat transfer measurements for
subcooled boiling of heptane flowing in an annulus and past a
coiled wire under a wide range of flow and thermal conditions.
A comparison of these data to values prédicted by correlations
available in the literature seemed worthwhile for several
reasons. The comparison would extend the range of fluids for
which the correlations have been tested since subcooled boil-
ing data for heptane were not available in the literature. A
suitable correlation could be established for subcooled boiling
on a cooled wire in cross flow. This configuration has been
used for many heat transfer measurements or experiments [3,
4], vyet a systematic investigation of heat transfer
characteristics is lacking. Laminar flow data reported in this
paper for the annular test section would permit a further
verification of the subcooled boiling correlation of Shah [15],
which is claimed to be superior to other correlations but has
only been compared to few data for laminar flow. Shah
himself, therefore, discourages the use of his correlation for
Reynolds numbers less than 2300.

The geometry of the two test sections and the range of con-
ditions covered in the experiments are given in Part I, Tables 1
and 2. Data correlated in this part were taken with pressuriza-
tion by fluid expansion, as the nitrogen pressurization used for
some runs in Part I resulted in varying and unknown degrees
of nitrogen dissolution in the heptane.

Correlations Tested

The experimental data were compared with the predictions
of the correlations listed in Table 1. Generally, the heat
transfer coefficient for convective heat transfer is given as

_ O‘CL ch

Nu, = =f(Re, Pr, Gr, x/L) 1)

with the Reynolds, Prandtl, and Grashof numbers having
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Fig. 1 Influence of the characteristic length definition and of natural

convection on the calculated heat transfer coefficient past the coiled
wire
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Fig. 2 Measured and calculated heat transfer coefficients as a func-
tion of the mass velocity for laminar flow past the coiled wire. For cor-
relations (1) and (4), Loy = (x/2)d,,.

their usual form. The (x/L) term usually holds for thermal and
hydraulic entrance effects.

Only correlation (4) considers the contribution of natural
convection to the heat transfer for the flow past obstacles.
However, some authors, for example [18], recommend that a
Reynolds number be evaluated by superposition of the forced
convection Reynolds number and the Grashof number

Re = (Re}, + Gr/2.5)%5 0)
This method was applied to correlations (1) and (6).
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Fig. 3 Measured and calculated heat transfer coefficients as a func-
tion of the heat flux for laminar flow past the coiled wire
For flow inside ducts, the characteristic length in the Nusselt
and Reynolds numbers is the equivalent diameter

deq = 4Acr/fw (3)

For annular flow, Shah [15] suggests the use of equation (3)
only if the annular gap, (d,—d;)/2, is larger than 4 mm.
Otherwise, the heated perimeter should be used instead of the
wetted perimeter in equation (3). For the annulus flow
geometry given in Part I, the annular gap exceeds 4 mm and
therefore

_drdy—dp

4x(d, +d})

Chen [16] generally proposed the use of an equivalent
diameter based on the heated perimeter. For the investigated
conditions, this yields a significant decrease of the predicted
heat transfer coefficients. Since the present results as well as
about 1000 subsequently obtained but still unpublished data
points for flow of heptane and of water indicate that equation
(4) should be applied for the investigated conditions, the
equivalent diameter according to equation (4) was used for all
the correlations in this paper. For the flow past the coiled
wire, no recommendations for the calculation of an equivalent
diameter or a characteristic length could be found in the
literature. However, as the coils used were not very tight, cor-
relations for a straight wire should give satisfactory results.
While correlations (2) and (3) are based on the wire diameter,
Schliinder [18] suggests the use of correlation (1) with a
characteristic length calculated from

©)
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Fig. 4 Measured and calculated heat transfer coefficients as a func-
tion of the mass velocity, for turbulent flow in the annulus

Lch =Ah/fp (5)

where A, is the heated area and f, the circumference of the
projection in the direction of the flow. For a cylindrical body
normal to the flow this leads to

_ =d,L
2L+,

This definition was also applied to correlation (4). In the case
of very narrow coils, L., should probably be calculated using
a superposition of wire and coil diameters. The validity of this
assumption will be the subject of further investigation.

Many investigations, for example [1, 2], show that the heat
transfer coefficient for subcooled boiling depends on the dif-
ference between surface and saturation temperature,
(T, — T,y), rather than on the difference between surface and
bulk temperature, (7,—T,). Therefore, correlations for
saturated boiling may be applied to calculate the subcooled
boiling heat transfer coefficient by evaluating (7 — T,,) and
adding this value to the difference (7, — 7}). Thus

m
~—d
7 v (6)

Nomenclature
A, = cross-sectional area, m?2 M = molar mass, kg/kmol
A, = heated surface area, m? p = pressure, bar Subscripts
¢, = heat capacity, J/(kg)(K) p* = vapor pressure, bar b = bulk
d, = coil diameter, m ¢ = heat flux, W/m? ¢ = convective
d,, = equivalent diameter according S = suppression factor [16] crit = critical
to equation (3), m T = temperature, °C Jfc = forced convection
d; = inside diameter of annulus, m u = flow velocity, m/s g = gas
d, = outside diameter of annulus, m x = length coordinate, m [ = liquid
d, = wire diameter, m a = heat transfer coefficient, nb = nucleate boiling
Jf, = perimeter of projection in flow W/m?K s = surface
direction, m B = temperature coefficient of sat = saturation
[, = wetted perimeter, m volumetric expansion, K ! . .
g = acceleration due to gravity, ¢ = friction factor Dimensionless numbers
m/s? n = viscosity, kg/ms Bo = ¢g/mAh,=boiling number
Ah, = latent heat of evaporation, J/kg A = thermal conductivity, W/mK Gr = g(T,~ T,)L.,’°B/v*=Grashof
L = length, m v = kinematic viscosity, m?/s number
L., = characteristic length, m p = density, kg/m? Pr = 5c,/N=Prandtl number
m = mass velocity, kg/m?s o = surface tension, N/m Re = ul_/v=Reynolds number
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Table 1 Correlations used for comparison with the measured data

No.  Application and formula Author Reference
1 Laminar flow over flat plates ) Leveque
Nu, =0.664 Re%’ pr03 as described by Drew  [5]
2 Laminar flow over tubes and wires Ulsamer [6]

Nu, = CRe"Pr03!
C=0.91, n=0.385 0.1<Re<50
C=0.6, n=0.5 50 <Re < 10,000
3 Laminar flow over tubes and wires ‘Whitaker [7]
Nu, = (0.4 Re%? +0.06 Re?67)
X Pr0.4 (nw/nb)O.ZS
4 Laminar forced and natural convection Fand - (8]
over cylinders
Nu, =(0.255 +0.699 Re%> +0.033
X (GF/R62)0'3 .Gr0.25).Pr0.29

5 Turbulent flow in pipes Dittus/ 9]
Boelter

Nu, =0.023 Re¥#pr04
6 Turbulent flow in pipes Gnielinski [10]
¢=(1.82 log Re—1.64)"2
¢/8(Re — 1000)Pr
e 2@ B - 1)

o[1+ (d/L)"-66]

7 Turbulent flow in annuli Wiegand [11]
Nu, =0.023 Re®® Pro4(d,/d;)*¥

8 Turbulent flow in annuli Monrad/ [12}

Nu,=0.02 Re®® Pr033(d, /d;)"5 Pelton

9 Turbulent flow in pipes Taborek [13]
Nu, =0.0143 Re®8 pr0d

10 Pool boiling heat transfer to . Stephan [14]

saturated liquids
o =Ci(§)C2 with Cy, C, to be
taken from diagrams

11 Flow boiling heat transfer to Shah [15}
subcooled liquids

Bo>31073 ¢, =230 Bo%?
Bo<3.10">~¢,=1+46 Bo®’

Tsat_Tb >2_’¢=¢0+ Tsat"Tb
Ts - Tsal Ts - Tsat

T,

T — T - T,
Tt b 3000 Bol~25__.¢=¢o yoTh
Ty —Toy Ty~ T
Otherwise ¢ = ¢,
a. according to correlation No. 5 if Re>2300
q= ac¢(Ts - Tsat)
12 Flow boiling heat transfer Chen [16]
o, according to correlation No. 5 if Re>2300

0.79 . 0.45 0.49
84 VO 00122 ("“""———)\[ Cpl Sp[ )
nb .
0_0.577?.29Ah(3.24pg.24

N

sat sat

(Ts - Tsat JAR v

AT =T — Toars ADgar = Tsat(pg_l —or 1)

q=a(T;— Tp)t+auy (Ty—To)S=cTy = Tp)

The suppression factor S is given by Chen in a diagram as a function of
the Reynolds number down to Re = 13,000 at which S=0.85. It was ex-
trapolated to have a value of unity for Re<3500.

In the above correlations the physical properties should be evaluated for the
(a) Grashof number at (7, + 7,)/2

(b) forced convective heat transfer correlations at 77,

(c) nucleate boiling correlation at T,

930/ Vol. 108, NOVEMB T{@s@sactionsof the ASME

Downloaded From: https://heattransfer.asmedigltalccl)zlgcaognB.aGsme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-o



(Ts - Tsat) =f(CI) (7)
and
q

Ty~ To) + (T~ T) ®
This method was used for correlations (10) and (12) (Table 1).
As the nucleate boiling heat transfer coefficient was found to
be independent of the mass velocity [1, 19], pool boiling cor-
relations could also be considered.

From the numerous correlations published for boiling heat
transfer, only three correlations were chosen for this study,
each originally representing a different application. While the
Shah correlation was suggested recently [15] for subcooled
flow boiling in annuli, the correlations of Chen [16] and of
Stephan [14] were developed for saturated flow boiling and
for pool boiling, respectively.

o

Comparison Between Measured and Calculation Values
Convective Heat Transfer

(a) Laminar Flow Past the Coiled Wire. Laminar flow
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was investigated for the coiled wire, with Reynolds numbers
between 3.5 and 14.6 based on the wire diameter and between
5.5 and 23 based on the characteristic length calculated ac-
cording to equation (6). Figure 1 shows measured heat transfer
coefTicients as a function of the mass velocity as well as values
calculated according to correlation (1), using different defini-
tions of the characteristic length, with and without inclusion
of natural convection. As can be seen, the version with L,
given by equation (6), including the influence of natural con-
vection according to equation (2), yields the best agreement
with the measured data. This result also holds for correlation
(4). In correlations (2) and (3) the wire diameter d,, has to be
used, according to [6, 7]. A comparison of the results
calculated using correlations (1-4) with the measured data is
given in Fig. 2. All four correlations provide roughly com-
parable values; however, correlation (2) predicts coefficients
that are too large. Better agreement is achieved using correla-
tions (1) and (4). The influence of the heat flux on the convec-
tive heat transfer coefficient is shown in Fig. 3. With increas-
ing heat flux (or excess temperature), the growing contribution
of natural convection leads to a slight enhancement of the heat
transfer. However, for the present investigation, the effect of
natural convection was found to be small in most cases, in ac-
cordance with the criterion given in [19], which states that the
contribution of natural convection may be neglected as long as
Gr/Re?<1. In the present convective heat transfer ex-
periments, 6.0001 < Gr/Re? < 4.4

(b) Turbulent Flow in the Annulus. Figure 4 shows
measured and calculated heat transfer coefficients for annular
flow, plotted as a function of the mass velocity. For all
measurements, the best results were obtained with the correla-
tion of Gnielinski [10], which is based on all data for turbulent
heat and mass transfer in pipes that Gnielinski was able to ex-
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Fig.6 Measured and calculated heat transfer coefficients for subcool-
ed boiling as a function of the heat flux
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Fig. 7 Measured and calculated heat transfer coetficients for convec-
tive boiling in (a) turbulent and (b) laminar flow

tract from the literature. This equation is also recommended
in [20].

The influence of the heat flux on the measured convective
heat transfer coefficients for turbulent annular flow is given in
Fig. 5. Again, the contribution of natural convection is
negligible, as the measured heat transfer coefficients are in-
dependent of the heat flux as long as convective heat transfer
predominates (¢< 120,000 W/m?). Figure 5 also contains
three curves calculated according to correlation (6), each
showing a different influence of the heat flux on the calculated
heat transfer coefficient. For the original correlation, curve
(a), the heat transfer coefficient is independent of the heat
flux, because the physical properties of the liquid were
evaluated at the bulk temperature. Curve (b) shows the
calculated results if the influence of natural convection is con-
sidered using equation (2). As the flow velocity is rather high,
slight deviations between (@) and (b) are found only at high
heat fluxes. Some authors suggest that the influence of the
heat flow direction (e.g., cooling or heating) be included by
multiplying the coefficient by a factor

F= < Pry ) 9

(5 ©)

with n being about 0.25. For the convective heat transfer
measurements described in Part I, this procedure yields a

small overprediction of the heat transfer coefficient at high
heat fluxes as seen in Fig. 5, curve (¢).

Subcooled Nucleate Boiling. Figure 6 shows measured and
calculated subcooled boiling heat transfer coefficients plotted
against the heat flux for the two different heater geometries.
For the annulus, data are shown for two different mass
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velocities, while for the coiled wire two different pressures
have been employed at the same mass velocity. All three cor-
relations used for comparison, namely correlations (10), (11),
and (12), yield results which generally agree with the measured
data in the nucleate boiling region. Only at a pressure of 6.52
bar are some deviations between measured and calculated
values to be noted. These deviations might be caused by minor
amounts of residual nitrogen dissolved in the heptane (see Part
I) and though they could also represent a more general failure
of the three correlations at high pressure.

The pool boiling correlation of Stephan [14] is only ap-
plicable to the nucleate boiling region, whereas those of Shah
[15] and Chen [16] are supposed to cover both the convective
and the nucleate boiling regimes. According to Shah [15],
there exists no experimental verification of the applicability of
the Chen correlation to subcooled boiling. Figure 7 shows
some measurements of the heat transfer coefficient as a func-
tion of the heat flux for both turbulent flow in the annulus (@)
and laminar flow past the coiled wire (b). Both sets of
measurements are compared with calculated values according
to correlation (10),.which only holds for fully developed
nucleate boiling, and to correlations (11) and (12), which hold
for both the convective and the subcooled boiling regimes.
Both the latter authors use the Dittus-Boelter equation [9] for
calculating the convective heat transfer; however, the increase
in heat transfer as nucleate boiling occurs is accommodated by
an additive expression in the correlation of Chen [16] and by a
multiplication factor in the correlation of Shah [15]. Both cor-
relations do well for the turbulent flow in the annulus (Fig.
7a). The flow past the coiled wire is a developing laminar flow;
thus the Dittus-Boelter equation is not applicable (see Fig. 75,
curve (a)). Therefore, correlation (1) was used for the calcula-
tion of the heat transfer coefficients in the laminar convective
heat transfer region. As Fig. 7(b) shows, this procedure gives
reasonable agreement between measured and calculated
values. However, while the developed boiling heat transfer
coefficients according to Chen [16] are independent of the cor-
relation used for convective heat transfer, the values
calculated according to Shah [15] change if the convective heat
transfer is varied.

To demonstrate the influence of the flow velocity on the
heat transfer, measured and calculated heat transfer coeffi-
cients are plotted against the Reynolds number in Fig. 8. The
data at low Reynolds numbers were not reported in Part I. As
found by numerous authors [1, 19], the heat transfer coeffi-
cient for fully developed boiling is independent of the flow
velocity. (The boiling heat transfer coefficients for the coiled
wire, which were measured at characteristic length Reynolds
numbers between 5 and 20, are very similar to those for the an-
nulus.) This result is predicted only by the correlations of
Stephan [14] (which was developed for pool boiling) and Chen
[16], whereas Shah’s correlation [15] shows a clear influence
of the Reynolds number on the boiling heat transfer coeffi-
cient and considerable deviations between measured and
calculated results. In Fig. 8, three possible variations of the
Shah correlation were used to evaluate the heat transfer coeffi-
cients, namely, one for turbulent convective heat transfer (@)

T_gs%sactions of the ASME



and the other two for different cases of laminar convective
heat transfer (b and c¢). For the turbulent flow region
(Re>2300), the agreement between predicted values and
measured values decreases considerably with décreasing
Reynolds number. This trend would continue if the Dit-
tus-Boelter equation [9] were also used in the laminar flow
regime (Re<2300), as Shah [15] tentatively suggested for
saturated flow boiling. If, for Re <2300, the Shah correlation
is instead combined with a correlation for laminar convective
heat transfer, a clear improvement of the predicted values can
be seen in Fig. 8. Although the measured heat transfer coeffi-
cients were for developed flow, the combination of the Shah
correlation with the correlation for developing laminar flow
gives a fortuitously good agreement with the measured data,
since the Reynolds number influence is just canceled in the
above combination. If the “‘correct’”” combination for
developed laminar flow were used for Re< 2300, the agree-
ment between predicted and measured values would be
poorer, but it would tend to improve for low Reynolds
numbers.

Nevertheless, the influence of mass velocity is not properly
accounted for in [15] and considerable deviations between
predicted and measured heat transfer coefficients cannot be
avoided for Reynolds numbers between 2300 and 10,000.

As described in Part I, increasing the system pressure at
constant bulk temperature or decreasing the bulk temperature
at constant system pressure yields a reduction of the heat
transfer coefficient defined according to equation (8). This
trend is identically predicted by the three correlations for boil-
ing heat transfer.

Conclusion

Several correlations from the literature were checked as to
their applicability to subcooled boiling of heptane flowing in
an annulus and past a coiled wire. The best results were ob-
tained using the Chen correlation [16] for convective boiling.
However it is suggested that the convective term in the correla-
tion be replaced either by Gnielinski’s more up-to-date cor-
relation for turbulent heat transfer in pipes [10] or by the en-
trance region solution for flow along flat plates [5], for tur-
bulent flow in the annulus and laminar flow past the coiled
wire, respectively. Similar accuracy with less evaluation of
physical properties is achieved by using the higher of the two
values produced by using either the Stephan correlation [14] or
the appropriate correlation for convective heat transfer [5,
10]. In the case of lower Reynolds numbers, the application of
the Shah correlation [15] may yield considerable errors in the
prediction of the subcooled boiling heat transfer coefficient.
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