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Abstract-Flow visualization photographs and measured local heat transfer data are presented for annular 
film-flow boiling of saturated liquids in a vertical channel with offset strip fins. A special test section was used in 
this study which permitted direct visual observation of the boiling process while simultaneously measuring 
local heat transfer coefficients at several locations along the channel. One wall of the channel was heated while 
the opposite and lateral walls were adiabatic. Measured local heat transfer coefficients on the heated portion of 
the channel wall were obtained for convective boiling of water, methanol and n-butanol at atmospheric 
pressure over wide ranges of mass flux and quality. Photographs of the flow indicate that virtually no nucleate 
boiling is present when the flow is in the film-flow regime. For the fin matrix studied here, complete dryout of 
the film on the heated surface was not observed to occur at a single downstream location. Instead, dry patches 
are observed to form at specific locations in the matrix, with the patches increasing in size with downstream 
distance until the entire film is gone. An approximate analytical model of transport in the liquid film is also 
presented. A closed-form correlation for the boiling heat transfer coefficient is derived from this model which is 

in good agreement with our measured data. 

INTRODUCTION 

IT HAS been common practice for many years to use 
offset strip fin geometries in compact heat exchangers 
for single-phase heat transfer applications. However, 
in recent years, efforts to achieve weight savings or 
improve efficiency have resulted in the increasing 
use of offset strip fin surfaces for evaporators and 
condensers in refrigeration, air-conditioning and 
cryogenic systems. Boiling of a liquid coolant in a 
geometry of this type may also prove to be an effective 
means of cooling electronic components or fusion 
reactor walls under high heat flux conditions. Larger- 
scale offset fin geometries may also provide high- 
efficiency condenser or evaporator surfaces in 
desalination systems. 

Interest in the applications noted above has 
prompted several recent studies ofconvective boiling in 
offset strip fin geometries. Panitsidis et al. [l] measured 
the total heat transfer for a heat exchanger with offset 
strip fins operating as a thermosyphon boiler with R- 
113 and isopropanol. They also developed a multi-node 
analysis for boiling over one fin to model the transport. 
This model neglected the effect of fluid velocity on heat 
transfer and assumed that the boiling heat transfer 
coefficient depended only on the local wall superheat. 
In a later study, Chen et al. [2] refined this technique to 
include the velocity effect. Values of the total heat duty 
predicted by this technique were found to be in good 
agreement with corresponding measured results at 
moderate to high wall superheat [2, 31. 

Galezha et al. [4] also obtained measurements of 
heat transfer coefficients for thermosyphon boiling of 
R-12 and R-22 in several strip fin geometries. They 
provided correlations for their test data, based on 

thermodynamic similitude, which accounted for the 
effects of heat flux, pressure and fluid properties on heat 
transfer. 

The studies described above all consider moderate to 
high wall superheat levels where nucleate boiling effects 
are expected to play an important role. In a series of 
recent papers, Robertson [S-7] and Robertson and 
Lovegrove [8] have investigated flow boiling processes 
in a channel with offset strip fins at very low wall 
superheat levels. For the conditions considered in these 
studies, nucleate boiling effects were negligible and 
forced convective boiling was the dominant mode of 
vaporization. Measured local heat transfer coefficients 
were presented for nitrogen [S] and R-11 [S] for wide 
ranges of mass flow rate and local quality. Film-flow 
models [6,7] were also proposed to predict boiling heat 
transfer coefficients for offset strip fins. 

Inarecentstudy,Yungetal. [9] alsoproposedafilm- 
flow model for forced convective boiling and 
condensation in offset fin geometries. The predictions 
of this model were found to agree well with avail- 
able data for forced convective boiling in offset fin 
geometries. 

The studies described above have provided valuable 
insight into the nature of convective boiling in offset fin 
geometries. However, despite these efforts, there are 
several aspects ofthe transport for these conditions that 
have not been thoroughly explored. Although film- 
flow models have been proposed in several previous 
studies, none of them have attempted to visually 
observe and verify the two-phase flow regime. Even if 
flow regime predictions for vertical round tubes are 
used, the results may be inconclusive. For example, 
most of the data of Robertson [S] for convective btiiling 
of liquid nitrogen appear to be very close to the 
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NOMENCLATURE 

A constant in equation (13) t fin thickness 
A, surface area of fins in channel section of T, wall temperature of prime surface of 

length L, channel 
A, prime surface area of channel section of TM bulk mean temperature of the coolant 

length L, T SAT saturation temperature of coolant 
A, cross-sectional open area of channel u downstream local velocity in liquid film 

c, specific heat at constant pressure u+ 
d, hydraulic diameter based on wetted 

dimensionless u velocity, u/&r 

perimeter, 4A,/P, 
W, width of copper slab 
X 

d,, hydraulic diameter based on heated 
perimeter, 4A,/P, 

f friction factor 
G mass flux 
h heat transfer coefficient 
H dimension of fins from root to tip 

jr volume flux of liquid, G( 1 - x)/pr 

JS volume flux of vapor, Gxlp, 
j: dimensionless volume flux of vapor, 

jap,l12 C&,(pr - P,)I _ “’ 
k fluid thermal conductivity 
k, conductivity of copper 
I. length of fin in the downstream direction 
L, length of channel section 
n exponent in equation (13) 

P pressure 
P, heated perimeter 
P, wetted perimeter 
Pr, liquid Prandtl number 
Pr, turbulent Prandtl number in liquid film 

q” surface heat flux 
Re, liquid Reynolds number, G( 1 - x)dh/pf 
Re, vapor Reynolds number, Gxd,/pL, 

Rer, liquid Reynolds number based on heated 
perimeter, G( 1 - x)dhp/pf 

St Stanton number, h/Gc, 

mass quality 

Y coordinate normal to the channel wall 
y* dimensionless y coordinate, Y&&/v, 
X,, Martinelli parameter for turbulent- 

turbulent flow, [(dp/dz)Fr/(dp/dz)FJ1/2. 

Greek symbols 
6+ value of y+ at the liquid-vapor interface 
cY turbulent eddy diffusivity of momentum 
K Von Karman constant 

P absolute viscosity 
kinematic viscosity 

i, two-phase multiplier, 

C(dP/dz)~,,Nd~Id~)~~11’2 
Y parameter defined in equation (24) 

r0 shear stress at the channel wall. 

Subscripts 
f liquid properties or corresponding to 

liquid flow alone in the channel 

g vapor properties or corresponding to 
vapor flow alone in the channel 

fp corresponding to liquid flow alone in the 
channel heated on one side only 

F friction component of pressure gradient 
tp corresponding to two-phase flow 

conditions. 

transition between churn flow and annular flow. On the 
flow regime map of Hewitt and Roberts [lo], some of 
these data would be in the annular flow regime, and 
some would be in the churn flow regime. Yet the steady 
turbulent film flow models do a reasonably good job of 
predicting the heat transfer for all these data. More 
information regarding the two-phase how behavior 
during convective boiling in offset fin geometries is 
needed to guide the development and evaluation of 
analytical models of the transport. In addition, heat 
transfer data have been obtained only for a few specific 
geometries and fluids. More data is needed to fully 
assess the effects of geometry variations on transport. 

The present study was undertaken to achieve three 
main objectives. The first objective was to obtain heat 
transfer measurements for a channel with offset strip 
fins with the channel heated on one side only. Although 
heating of a coolant channel on one side may arise in 

electronics cooling and other applications, the previous 
studies mentioned above have only considered 
channels heated on both sides. Although this study 
specifically sought to examine the heat transfer 
characteristics for one-sided heating, the results also 
provide insight into the boiling mechanisms which 
occur when both sides are heated. 

The second objective ofthis study was to gain a better 
understanding of the relation between the two-phase 
flow behavior and convective boiling heat transfer 
in offset fin geometries. We specifically wanted to 
determine the flow regime associated with various 
combinations of quality and mass flux through the 
channel. We also wanted to identify any nonsymmetric 
behavior associated with the one-sided heating. 

The third objective was to examine the variation 

of the convective boiling heat transfer performance 
with liquid Prandtl number as the Prandtl number 
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increases. To achieve these objectives, experiments 
were conducted using a special test section which 
permitted us to observe visually the two-phase flow 
during convective boiling in a channel with offset strip 
fins. This test section also permitted simultaneous 
measurement of local values of the convective boiling 
heat transfer coefficient in the channel. 

This study specifically focused on the behavior of 
vertical flows at moderate to high quality levels where 
the two-phase flow is almost always in an annular film- 
flow configuration. Measured values of the local heat 
transfer coefficient are presented for saturated flow 
boiling of water, methanol and n-butanol at atmo- 
spheric pressure. At saturation, the Prandtl num- 
bers of the liquids tested here cover the range of 
moderate values from 1.8 to 8.6. Using an approximate 
analysis of transport in the liquid film, a correlation for 
the local convective boiling heat transfer coefficient is 
also derived and compared with our experimental data. 
The observed two-phase flow behavior and dryout 
characteristics are also discussed. 

EXPERIMENTAL APPARATUS 

To study the convective boiling process in offset fin 
geometries, the special test section shown in Fig. 1 was 
constructed. One end of the rectangular copper slab 
shown in Fig. 1 was machined to form a surface with 
offset strip fins. This end of the copper slab fits into the 
assembly in Fig. 1 to form a channel with offset strip 
fins. The side walls of the channel are Teflon to 
minimize lateral heat loss, and the inner glass plate 
forms the top wall of the channel to permit visual 
observation of the boiling process all along the channel. 

A thin coating of RTV silicone sealant was applied to 
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FIG. 1. Cutaway view of test section (not to scale). 

the top edges of the fins to eliminate heat leakage to the 
glass cover plate. A second glass plate covers the inner 
one as shown in Fig. 1 to reduce heat losses from the top 
of the assembly. The channel formed by the Teflon side 
walls, inner glass plate and copper slab is 1.91 cm wide, 
3.8 mm high and 45.7 cm long. The fins machined in the 
copper slab are 1.59 mm thick, 12.7 mm long in the flow 
direction, and extend to the top (glass) wall of the 
channel (3.8 mm high). The distance between adjacent 
fins is 7.94 mm. The hydraulic diameter based on the 
heated perimeter for this surface, dhp, is 7.78 mm. Note 
that the hydraulic diameter based on wetted perimeter, 
d,, is smaller (d,, = 5.15 mm). 

The copper slab was heated at the bottom end by two 
electrical resistance heaters. These heaters provided a 
virtually uniform heat input along the length of the 
channel. Heat is conducted from the heaters along the 
copper slab to the finned surface where it is transferred 
to the fluid in the channel. The back of the copper slab 
and heater assembly was completely enclosed in 
insulation so that heat leakage to the surroundings was 
negligible. 

Thermocouples were embedded in the copper slab, 
as indicated in Fig. 1, to determine the temperature 
gradient and surface temperature at three locations 
along the length of the channel. Thermocouples were 
also installed through the channel wall at these same 
locations to measure the local fluid temperature. The 
measured temperature gradient was used to calculate 
the heat flux to the surface. This result was combined 
with the measured local fluid and surface temperatures 
to compute the local heat transfer coefficient. 

The system shown in Fig. 2 was used to provide a 
steady flow ofliquid to the test section. The power to the 
auxiliary heaters in the reservoir and the condenser 
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FIG. 2. Test system used in convective boiling experiments. 
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water flow rate could be varied to control the level of 
subcooling of the liquid at the inlet to the test section. 
The flow rate to the test section was controlled by the 
flow control valve and also by varying the power input 
to the pump. 

The liquid flow rate to the test section was measured 
using a Cole-Parmer rotameter. This flow meter was 
calibrated by measuring the flow output of the system 
over a specified interval of time at different float 
positions. Such measurements were done at several 
liquid temperatures so that the effect of property 
variation with temperature was taken into account. 
Rotameter calibration curves were thereby determined 
for each of the fluids tested here: water, methanol 
and n-butanol. 

Prior to running the heat transfer experiments, the 
finned surface of the copper slab was cleaned with a 
mild acid solution and then thoroughly rinsed before 
filling the system with the test liquid. This procedure 
kept the finned copper surface clean and free of tarnish 
throughout the test program. 

Although Fig. 1 depicts the test section channel 
horizontally, all experiments reported here were done 
with the channel in a vertical position with the flow 
upward. Power to the heaters in the test section was 
provided by two rheostats, which could be adjusted to 
control the heat input to the channel. Copper- 
constantan thermocouples in the test section were read 
using an Omega two-pole selector switch and a 
precision Fluke digital readout. Photographs of the 
two-phase flow at various locations along the channel 
were taken using a Pentax 35-mm camera wifh a SO-mm 
macro lens and an automatic strobe flash unit. The 
strobe unit provides flash pulses as short as 0.0001 s to 
freeze the very rapid motion of the two-phase flow. 

EXPERIMENTAL PROCEDURE 

AND RESULTS 

Before running the convective boiling experiments, 
the single-phase heat transfer characteristics were 
determined for the channel with offset strip fins in the 
test section. Local heat transfer coefficients were 
measured at low heat flux and high inlet subcooling 
where no vaporization occurs. After setting the flow 
rate and power to the heaters at the desired levels, the 
system was allowed to stabilize for 1@15 min before 
thermocouple and flow readings were taken. The 
resulting single-phase heat transfer data for water are 
plotted in non-dimensional form in Fig. 3. The heat 
transfer coefficients represented in Fig. 3 were 
measured at a specific downstream location and they 
are average values over the heated perimeter of the 
channel at that location. These values of h were 
iteratively calculated from the energy balance relation : 

W&VT, = NAP+ wb) 6% - G,) (1) 

where VT, is the measured local temperature gradient 

1 
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% 

FIG. 3. Single-phase heat transfer data for test section channel. 

in the copper and qF is the fin efficiency given by 

tanh (MH) 
VF = 

MH ’ 
M = Jm. (2) 

The trend in the data in Fig. 3 suggests that the 
transition to turbulent flow occurs at a Reynolds 
number of about 750. The correlations shown in Fig. 3 
for the laminar and turbulent ranges are least-squares 
fits to the data below Re = 750 and above Re = 750, 
respectively. The single-phase heat transfer correlation 
for turbulent flow will be discussed further in 
connection with boiling heat transfer data. 

For the flow boiling experiments, the system was 
allowed to stabilize at the selected power and flow 
settings before flow visualization photographs or data 
were taken. The thermocouple readings and the liquid 
flow rates were recorded in the same manner as for the 
single-phase data. The downstream location where 
saturated nucleate boiling first began was also 
determined by visually inspecting the flow in the 
channel. This zero-quality point was taken to be the 
lowest vertical location where continuous growth and 
release of vapor bubbles occurred and vapor bubbles 
were present throughout the liquid flow in the channel. 

The heat transfer coefficient was determined at the 
two uppermost thermocouple locations where boiling, 
was observed to occur. As for single-phase flow, the 
local heat transfer coefficient was obtained by 
iteratively solving equations (1) and (2) using the 
measured data at the location of interest. The only 
difference was that in equation (I), TM was equal to TSAT, 
the saturation temperature of the coolant. The boiling 
heat transfer coefficients calculated in this manner are 
average values over the heated perimeter of the channel. 

The mass flux, G, was determined from the flow meter 
reading and the geometry of the channel. The quality 
at the two uppermost thermocouple locations was 
determined by using the measured heat input values in 
an energy balance over the portion of the channel where 
saturated boiling occurred. The measurements thus 
indicated the value of h,, which corresponded to 
specific values of x and G. 
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Values of h,, were determined for convective boiling 
of water, methanol and n-butanol. Data have been 
obtained for values of quality and mass flux in the 
ranges 0.05 < x < 0.7 and 3 < G < 100 kg m-’ s-i. 
The estimated uncertainty in the measurements is less 
than *5% for G, +7% for x and f 11% for h,,. 

The flow conditions at which data were obtained are 
indicated on a flow-regime map of the type proposed by 
Hewitt and Roberts [lo] for upward co-current flow in 
Fig. 4. It can be seen that the flow conditions studied 
here are close to the transition from churn flow to 
annular flow. The transition line suggested by Hewitt 
and Roberts [lo] corresponds approximately to 
p,j,’ = 200 for the range of p,jt encountered in our 
experiments. This would place all of our data in the 
churn flow regime. For the fluids considered here, the 
transition condition suggested by Wallis [ 111 is much 
lower, but it would also place much of our data in the 
churn flow region. 

Our visual observations indicated that for virtually 
all our data, the flow in the channel was annular in 
configuration. However, for about 40% of the data 
points, the flow appeared slightly oscillatory in nature 
with visible intermittant downflow of liquid. For these 
conditions, which usually occurred at lower qualities, 
the flow looked more like churn flow than steady 
annular flow. The other 60% of the data appeared to be 
in upward annular flow. 

The approximate transition line between churn and 
annular flow, based on our visual observations, is 
indicated in Fig. 4. The observed transition lines for the 
three fluids tested here were virtually identical on the 
type of plot shown in Fig. 4. In terms of the j: parameter 
defined by Wallis [ll], the transition conditions 
observed for the three fluids studied here correspond 
approximately to j: = 0.5. 

Photographs of the boiling process in the channel at 
different stages are shown in Figs. 5-8. Figure 5 shows 

FIG. 4. Visually observed, two-phase flow regimes during 
convective boiling in a channel with offset strip fins. The solid 
symbols designate churn flow and the open symbols designate 
annular film flow. The broken line is the transition between 
slug and churn flow indicated on the flow regime map of 

Hewitt and Roberts [lo] for vertical flow in tubes. 

“MT 29:6-X 

FIG. 5. Photograph of the onset of saturated boiling of water 
in a vertical channel with offset strip fins. The mass flux is 
12.5 kg m-* s-t. At the thermocouple location indicated 
by the arrow, 4” = 39.5 kW m-‘, x = 0.01 and h,, = 

6.13 kW m-* Km’. 

the onset of saturated boiling for water at a mass flux of 
12.5 kg m-’ s-l. At the thermocouple location 
indicated by the arrow in the figure, the heat flux 
was 39.5 kW m-‘, T,-T,,, was 6.2”C and h,, was 
6.73 kW mm2 K- ‘. At this location, which is just down- 
stream of the point where saturated boiling begins, 
nucleate boiling appears to be the dominant heat 
transfer mechanism. It can also be seen in Fig. 5 that 
only a short distance downstream, the flow has under- 
gone a transition to slug flow (recall that the fins are 
only 12.7 mm long). A short distance thereafter, the 
transition from slug flow to an annular configura- 
tion was observed. A rapid transition from bubbly 
flow to an annular flow configuration was charac- 
teristic of the boiling processes for all three fluids 
tested here. 
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a 
FIG. 6. Photographs of annular film-flow boiling of water in a vertical channel with offset strip fins. Both 
photographs were taken at the same location at different times for G = 21.5 kg m-* s-l and q” = 83.4 kW 

rne2. At the thermocouple location indicated by the arrow, x = 0.24 and h,, = 20.6 kW m-* K-l. 

Photographs of the annular, two-phase flow 
observed during the convective boiling of water and 
methanol are shown in Figs. 6 and 7, respectively. 
Figure 6 shows two photographs taken at the same 
conditions and downstream location at different times. 
At the thermocouple location indicated by the arrow, 
G = 21.5 kgm-‘s-r, x = 0.24 and h,, = 20.6 kW m-’ 
K ‘. Most of the time the flow looked like that shown 
in Fig. 6a. Visually it appeared that the film traveling 
along the front and the back surfaces piles-up at the 
upstream ends of the fins. Intermittantly, waves could 
be observed to travel upward in the liquid film along 
the front and back walls of the channel. When this 
occurred, some of the liquid which had accumulated at 

the upstream end of the fin was shed off the downstream 
end. A photograph capturing this shedding process is 
shown in Fig. 6b. 

The annular flow behavior observed during 
convective boiling of methanol and n-butanol was very 
similar to that observed for water. Two photographs of 
the annular two-phase flow in the channel during 
convective boiling ofmethanol are shown in Fig. 7. The 
flow conditions are indicated in the figure caption. 
Figure 7a shows relatively undisturbed upward 
annular flow, whereas Fig. 7b shows the intermittent 
shedding ofliquid off the downstream end ofthe fin. The 
shedding mechanism appeared to the same as for water. 
It can be seen in Figs. 6b and 7b that for the geometry 
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a b 
FIG. 7. Photographs of annular film-flow boiling of methanol in a vertical channel with offset strip fins. Both 
photographs were taken at the same location at different times for G = 15.0 kg m-’ s-l and 4” = 23.9 kW 

m-‘. At the thermocouple location indicated by the arrow, x = 0.22 and h,, = 4.47 kW m-’ K-l. 

studied here, this shed liquid appears to interact almost 
immediately with the liquid films along the front and 
back walls of the channel. 

This intermittent shedding of liquid from the fins 
was most often observed at the lower quality end of the 
annular flow region of the channel, where more liquid is 
present. Visually, this process appeared to cause only a 
minor fluctuation in the flow, and no fluctuations in the 
flow rate or thermocouple readings were detected when 
it was observed. Even when churn flow was observed 
over a portion of the channel, no significant 
fluctuations in the flow or temperature readings were 
observed. 

It can be seen in Figs. 6 and 7 that there is virtually no 

nucleate boiling present, even though the superheat of 
the prime surface is over 4°C. In a few locations, bubbles 
can be observed in the corner where the fin meets the 
glass or copper surface. The convective component of 
heat transport is expected to be weaker, and the liquid 
film is thicker in these corner regions. Consequently, 
there will be less tendency to suppress nucleation there. 
Hence, it is not surprising that nucleation persists at a 
few points at these locations, even though it has been 
thoroughly suppressed along the flat surfaces of the 
channel. 

Figure 8 shows a photograph of the two-phase flow 
near the upper end of the channel, where dry patches 
on the heated surface were first observed. This photo- 
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FIG. 8. Photograph of annular film flow boiling of water in 
a channel with offset strip fins at G = 12.5 kg mm* s-r and 
y” = 11.3 kW m-* s-t. The light regions on the surface are 
dry areas and the darker regions are covered with liquid. At 
the thermocouple location indicated by the arrow, x = 0.38 

and h,, = 15.1 kW m-’ K-‘. 

graph was taken during convective boiling of water. 

At the thermocouple location indicated by the 

arrow, G = 12.5 kg me2 s-i, x = 0.38 and h,, = 
15.1 kW m- ’ K ‘. The light patches on the back wall 
of the channel are dry areas, whereas darker portions 
of the surface are still covered with the liquid film. At 
the lower edge of this photograph, the walls are al- 
most completely covered with liquid. As one proceeds 
downstream, the size of the dryout patches increases. 
For tests at high heat flux and low mass flux, the dry 
patches increased in size with downstream distance 
until the entire channel was dry. 

The dryout characteristics of the channel tested here 
are affected in a strong way by the geometry. It should 
be noted that in annular flow, a liquid film is traveling 

IO-’ 16' 1.0 
x 

FIG. 9. Measured local heat transfer coefficients for convective 
boiling of water in a vertical channel with offset strip fins. 

upward along the adiabatic front wall of the channel. 
When it encounters the upstream end of a fin, liquid 
from the film on the adiabatic wall may be transferred 
by vapor shear and surface tension forces onto the fin, 
and subsequently onto the prime surface. This transfer 
of liquid tends to keep the fins and the prime surface 
near the upstream end of the fin wet, even when much of 
the prime surface is dry. Hence, in channels heated on 
one side only, offset strip fins may facilitate transfer of 
liquid from the unheated wall to the heated wall and 
thereby prevent the heated surface from drying out 
completely at high qualities. 

It can also be seen in Fig. 8 that at a few locations 
nucleate boiling appears to occur. As in Figs. 6 and 7, 
bubbles are visible only in the corner locations where 
the liquid film tends to be thicker, and there is less 
of a tendency to suppress nucleate boiling. When 
dry patches existed on the channel walls during the 
experiments, in general, the size and shape ofthe dryout 
patches were observed to change with time. In 
particular, waves in the liquid film were sometimes 
observed to carry liquid downstream which would 
momentarily reduce the size of the dry patches. 

The experimentally determined variations of h,, with 
x for various G values are shown in Figs. 9,10 and 11 for 

I 

U2 IO-' 1.0 
x 

FIG. 10. Measured local heat transfer coefficients for 
convective boiling of methanol in a vertical channel with offset 

strip fins. 
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0' IO-' 1.0 
x 

FIG. 11. Measured local heat transfer coefficients for 
convective boiling of n-butanol in a vertical channel with offset 

strip fins. 

water, methanol and n-butanol, respectively. The 
variation of h,, with x is shown for low to moderate 
values of G in these plots. Additional data were 
obtained for higher values of G, but the systematic 
variation of h,, with x was not determined. The 
measured value of h,, is seen to increase with increasing 
G and x for all three fluids. The data obtained at higher 
mass flow levels were consistent with the trends 
observed in Figs. 9-l 1. The variations of h,, with x and 
G shown in these figures are qualitatively similar to 
those obtained by Robertson [S] and Robertson and 
Lovegrove [S] for a fully heated channel with offset 
strip fins. 

It can also be seen in Figs. 9 and 10 that for the same G 
and x values, the h,, value for water is much higher than 
the value of h,, for methanol. The corresponding h,, 
value for n-butanol was also much lower than the water 
value. The lower h,, values for the alcohols appear to be 
a consequence of the lower molecular conductivities of 
these liquids relative to that of water. 

ANALYSIS 

The data described in the previous section indicate 
that the local heat transfer coefficient for annular film 
flow boiling in offset fin geometries is a function of the 
mass flux, quality and the properties of the liquid and 
vapor. In this section, an approximate model of the 
liquid film flow is used to derive a correlation for the 
heat transfer coefficient which accounts for these 
variables. 

The film-flow model proposed here is similar to 
models proposed in other studies of annular flow in 
offset fin geometries [6, 7, 91 and round tubes [12]. 
However, this model differs in that several assumptions 
are incorporated which are based on the observed 
behavior ofthe two-phase flow during our experiments. 
The flow of liquid in the film is assumed to be weakly 
turbulent, which is consistent with the range of film 
Reynolds numbers encountered for the conditions 
tested here. Although intermittent waves on the surface 

of the liquid film were sometimes observed in our 

experiments, in the approximate analytical model 

developed here, the effects of waves are neglected and 
the interface is assumed to be smooth. It is further 
assumed that the amount of liquid entrained in the 
vapor flow is small and that virtually all the liquid flows 
in the film on the walls. This is consistent with our visual 
observations which indicated that little entrained 
liquid was present during most of the boiling process. 
Recall that small amounts of liquid were observed 
being shed from the downstream edge of the fin only for 
brief intermittent intervals. 

As in many of the previous analyses of liquid film 
flow, it is assumed here that the film is thin and that 
downstream convection is negligible compared with 
transport of energy and momentum across the film. It is 
further assumed that the downward gravity force and 
the upward effect of the pressure gradient within the 
liquid film act to cancel each other so that the shear 
stress is virtually constant across the film. Calculations 
using pressure drop correlations for round tubes 
indicate that this approximation is justifiable for the 
conditions considered here. A similar assumption was 
also employed by Robertson [6] in his film-flow 
analysis of convective boiling in a fully-heated channel 
with offset strip fins. 

With the assumptions noted above, the relations for 
the mass, momentum and energy balances in the liquid 
film on the channel walls can be written 

G(l -x)4, 

s 

‘+ 

Pw& = 0 
U+ dy+ 

(“--,~T)!!!$&~~ dy+/(l+$;) (5) 

where u+ and y’ are the usual non-dimensional 
variables for turbulent flow near a wall. Note also that 
the wall temperature even on the fins is assumed to 
equal r,, the temperature of the prime surface of the 
channel. This is done because the value of hA, obtained 
from this analysis will be corrected by multiplying by 
the fin efficiency to obtain the contributions of the fins 
to the total heat transfer. 

The liquid film is assumed to be weakly turbulent 
such that 

- > 0, but s << 1. 
%I 

“f "I 

Hence, the transport of momentum in the film is, to a 
first approximation, assumed to be a laminar process. 
Equation (4) can then be integrated to obtain u+ = y+ 
and this result can be inserted into (3) to obtain 

S’=JRe,I2. (7) 

It is further assumed here that the Prandtl number is 
sufficiently large that, even though sM/vf is small, 
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PT~E&+ is not small. The Pr,c,/v,Pr, term in equation 
(5) must therefore be retained. Hence, at the moderate 
to large values of Prandtl number considered here, the 
weak turbulence in the film will affect the transport of 
heat, even though it has little effect on momentum 
transport. 

To evaluate E&J~ in the region near the channel wall, 
the well-known Von Karman mixing length model is 
used. Taking the mixing length equal to rcy and using 
the fact that u+ = y+ in the film, it is easily shown that 

As discussed by Hinze [13], EJV has usually been 
assumed to be proportional to (y’)” or (y’)’ very near 
the surface in a wall turbulent shear flow. However, the 
data of Hughmark [14] suggest that 

& cc (y+pg for 12 < y+ < 35. (9) 
I f 

Hence, equation (8) is consistent with data at the outer 
edge of the conduction sublayer where the eddy 
diffusivity of heat is expected to be most important in 
the films considered here. 

In addition, previous studies [15, 161 indicate that 
the turbulent diffusivity of heat should also approach 
zero proportional to (6+-y+)’ to account for the 
damping of turbulence near the liquid-vapor interface. 
To maintain consistency with these conclusions and 
equation(8), thedistribution ofthe diffusivityacross the 
film was assumed to be 

EM K*(y +)*lPr, for 0 < y+ < 6’12 
-= 
vrPr, K*(6+ -y+)‘/Pr, for 6+/2 < y+ < 6+. 

(10) 

As noted above, the objective of the present analysis 
was to derive a closed-form relation for the heat transfer 
coefficient. The relations given by (10) were therefore 
chosen to approximate the variation of the turbulent 
diffusivity across the film because they are consistent 
with the physical arguments described above, and yet 
are simple enough to permit us to obtain an explicit 

relation for h,,. 
Since z, must be related to the frictional component 

of the two-phase pressure drop in the channel formed 
by two adjacent fins, the following relation can be 

written for Jzoipf : 

J%66 = W4J4f Refm (11) 

wherefr is the friction factor for the liquid flowing alone 
in the channel formed by two adjacent fins. Note that 
this is not the same as the friction factor for the entire 
matrix, which includes the effects of form drag on the 
fins. Sincef, applies only to the channel between fins, the 
modified Reynolds analogy is used to relate it to 
the Colburnj-factor, StPr2’3. 

f,/2 = St,Prf’3. (12) 

partially heated channel, St,,Prfi3, is given by 

Stf,Pr:/3 = A Re,;“, Re,, = GU -x)d,,lp, (13) 

and that the Colburn j-factor for an identical, fully 
heated channel is given by the same relation with dhp 

replaced by d, 

StfPr:13 = A Re,T”, Ref = G(1 -x)dh/pf. (14) 

Integrating the RHS of equation (5) using the relations 
in (lo), and substituting (7) and (11)(14), the following 
relation is obtained for h,, 

h,, = q” 
Tw - &AT 

= (s)(g)& Re,!;“/* (f$).;’ (15) 

where 

I = tan-‘[KJPr,Re,,l8Pr, J-1. (16) 

Non-dimensionalizing by dividing through by h,,, and 
using (13) together with the definition of St,,, we obtain 

(17) 

Recommended values of the Von Karman constant, 
K = 0.40, and turbulent Prandtl number, Pr, = 0.90 
[13, 151 are substituted into (17) together with (16) 

to obtain : 

(18) 

At the present time, there are no correlations available 
to predict 4r for turbulent-turbulent, two-phase flow in 
offset fin geometries. Hence, as a first approximation, 
the turbulent-turbulent correlation of Lockhart and 

Martinelli [ 173 is used for & : 

9f=[1+~+&~‘2 (19) 

where X,, is defined as 

X,, = C(dpld~),~/(dpldz),,l I’*. (20) 

Consistent with the Reynolds analogy, (12) and 
equation (14), it is assumed that 

h = 2A Re;” (21) 

f, = 2A Rein, Re, = Gxdh/pg. (22) 

Using(21) and (22) with (20), it is easily shown that X,, is 
given by 

& = (!?>“‘(;r*(&y -n’2. (23) 

Here, it is assumed that the Colburn j-factor for the Thus, with the definition of X,, given by (23) (18) and 



Annular film-flow boiling of liquids 937 

(19) form a complete correlation for the convective 
boiling heat transfer coefficient : 

4.74& tan- ’ [O.l49JRe,,pr, J-1 

Re$ Pr:‘“(d,,,/d,J”‘* 

=[I+:+$ (24) 

It is interesting to note that the tan-’ term 
approaches a constant at large values of RefpPrf and 
also that n/2 is usually small, so the dependence of Y on 
Refp is weak. If we neglect the Re,, dependence and 
assume the tan-’ term is constant, (24) implies that 

h 
F Pr, 1’6 = f(l/X,,). 

fP 

The relation (25) above is very similar to the correlation 
recently proposed by Bennett and Chen [18] for the 
macroscopic (non-nucleate boiling) contribution to the 
convective boiling heat transfer coefficient for vertical 
round tubes. Their correlation is of the form 

+ ~~~-0.296 
= f WX,,). 

f 

Hence, although the correlating parameter used in (24) 
has slightly different dependence on Reynolds and 
Prandtl number, it is similar in the form to that used in 
the Bennett and Chen [18] correlation for round tubes. 

The measured heat transfer data obtained here for 
water, methanol and n-butanol are plotted in terms of 
‘-I’ and l/X,, in Figs. 12-14. In these figures the open 
symbols correspond to annular flow and the solid 
symbols indicate churn flow. In calculating Y, the 
values of n and A were taken from the turbulent 
correlation in Fig. 3 to be 0.36 and 0.215, respectively. 
Also shown in Figs. 12-14 is the curve corresponding to 
equation (24). 

In Figs. 12-14, it can be seen that the data in the 
annular flow regime agree very well with the model 
prediction for all three fluids tested here. The agreement 

is, in fact, surprisingly good considering that the analysis 

IO2 - 

Y 

IO - 

0.. WATER 

I , 

IO-' 1.0 IO IO" IO3 

I/X,, 
FIG. 12. Comparison of the measured heat transfer data for 
water with the correlation (24) developed from the analytical 
model. The solid symbols designate churn flow and the open 

symbols designate annular film flow. 

FIG. 13. Comparison of the measured heat transfer data for 
methanol with the correlation (24) developed from the 
analytical model. The solid symbols designate churn flow and 

the open symbols designate annular film flow. 

assumes a moderate to large liquid Prandtl number, 
and the liquid Prandtl numbers for these fluids are all 
less than 8.7. Even for data in the churn flow regime, 
agreement with the correlation is quite good, although 
the scatter about the curve is a bit larger, particularly 
for water and n-butanol. The increased scatter about 
the model prediction in the churn flow regime is 
somewhat expected, since the model does not account 
for the weakly oscillatory behavior of the flow which 
has been observed for these conditions. 

CONCLUSIONS 

Measured local heat transfer coefficients have been 
obtained for convective boiling in a vertical channel 
with offset fins which was heated on one side only. Heat 
transfer data have been reported for convective boiling 
of water, methanol and n-butanol over wide ranges of 
mass flux and quality. In addition, the two-phase flow 
in thechannel was visually observed and photographed 
during the convective boiling process to determine the 
flow regime at the locations where heat transfer data 
were obtained. 

c 

IO2 - 

Y 

IO - 

d . n - EWTANOL 
7 

L. -1. .I. II4 .I 
10-l I.0 IO IO2 IO3 

l/X,, 

FIG. 14. Comparison of the measured heat transfer data for n- 
butanol with the correlation (24) developed from the 
analytical model. The solid symbols designate churn flow and 

the open symbols designate annular film flow. 
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Visual observations indicated that for the relatively 
low pressure conditions considered here, the two-phase 
flow takes on an annular configuration a short distance 
downstream of the beginning of saturated boiling. 
Beyond that point, the flows studied here were in either 
the churn-flow or annular flow regime. In these regimes, 
nucleate boiling was suppressed over virtually the 
entire heated surface. For a11 three liquids tested here, 
the measured value of the local convective boiling 
heat transfer coefficient was found to increase with 
increasing quality or mass flux. 

These observed flow characteristics and trends in the 
heat transfer data are qualitatively similar to those 
expected to occur in a plain, round tube under 
comparable conditions. However, in some ways, the 
convective boiling process in the partially heated 
channel with offset strip fins was found to be distinctly 
different from comparable boiling circumstances in 
round tubes. For the offset fin geometry tested here, the 
transition from churn flow to annular flow was found to 
occur at a lower value of ppji than the values suggested 
by Hewitt and Roberts [lo] or Wallis [l l] for vertical 
round tubes. In terms of the j: parameter defined by 
Wallis [ 111, the transition in the geometry considered 
here occurred approximately at j: = 0.5. Wallis [ll] 
suggested a slightly higher value, j: = 0.9, for round 
tubes. 

For annular flow convective boiling in a uniformly- 
heated, vertical, round tube, the film is relatively 

uniform around the tube perimeter, and complete 
dryout ofthe liquid film usually occurs over a very short 
distance downstream of the first appearance of dry 
areas on the tube wall. For the partially heated channel 
with offset strip fins, the thickness of the liquid film 
varies over the heated surface, and consequently, the 
dryout characteristics are quite different. In our 
experiments, it was observed that localized dry patches 
on the heated surface may occur at qualities as low 
as 0.4. The size of these patches increased with 
downstream distance until the entire surface was dry. 
As a result, the heated surface may be partially dry over 
a significant portion of the channel length. 

It was also observed that the offset fins act to transfer 
liquid from the adiabatic wall of the partially heated 
channel to the fins themselves and to the heated wall. 
This transfer acts to delay complete dryout of the 
heated surface, and thereby avoids overheating of the 
channel wall. In a partially heated tube without offset 
fins, no such transfer of liquid would occur. This feature 
of convective boiling in offset fin geometries may be 
particularly attractive in applications where dryout of 
the heated wall of a partially-heated coolant passage 
would adversely affect performance. 

An approximate model of the transport in the liquid 
film during the boiling process has also been presented. 
Although a number of simplifying assumptions have 
been incorporated into this model, the predictions of 
the convective boihng correlation derived from the 
model agree well with our annular flow and churn-flow 
data for all three fluids tested here. The form of this 

correlation, given by equation (241, may be a useful 
starting point for development of a general correlation 
technique for predicting the convective boiling heat 
transfer performance of vertical channels with offset 
strip fins. However, more data for other geometries 
is needed to fully assess the usefulness of such a 
correlation. 
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EBULLITION EN FILM ANNULAIRE D’UN 
CANAL VERTICAL PARTIELLEMENT 

LIQUIDE EN ECOULEMENT DANS UN 
CHAUFFE ET MUNI D‘AILETTES 

Resume-Des visualisations d’&oulement et des don&es locales de transfert thermique sont prksenties 
pour I’i-bullition en film annulaire de liquides saturts dans un canal vertical muni d’ailettes. Une section 

d’essai spkial permet une observation directe du mtcanisme d’ibullition pendant le mesure des coefficients 

locaux de transfert thermique en plusieurs points le long du canal. Une paroi du canal est chauffte tandis 

que les parois oppoke et lattrale sont adiabatiques. Les coefficients de transfert sur la portion chauffke du 

canal sont obtenus pour l’kbullition de I’eau, du m&than01 et du n-butanol Li la pression atmosphkrique, 

dans de larges domaines de d&bit et de qualitk. Les photographies montrent l’absence d’ibullition nucl&e 

quand l’koulement est dans le rtgime d’koulement avec film. Pour la matrice d’ailettes &tudit-e ici, on 
n’observe pas d’asskchement complet du film sur la surface chaude en une seule rkgion en aval. On observe 
des taches s&hes qui se forment i des points spbcifiques de la matrice, et le rkseau croit en taille avec la 
distance en aval jusqu’i ce que le film entier ait disparu. Un modkle analytique approchk du transport dans 

le film liquide est prksentt. Une formule pour le coefficient de transfert cst obtenu par ce modtle et elle 
s’accorde bien avec les don&es. 

STRijMUNGSSIEDEN BE1 RINGSTR(JMUNG IN EINEM TEILWEISE BEHEIZTEN 
SENKRECHTEN KANAL MIT STREIFENFijRMIGEN VERSETZTEN RIPPEN 

Zusammenfassung-Es werden Photographien der Striimung und iirtliche Wlrmeiibergangskoeffizienten 
fiir das StrCmungssieden geslttigter Fliissigkeiten bei Ringstriimunn in einem senkrechten Kanal mit 
versetzten streifenfiirmigen Rippen dargestellt. Es wurde &e spezielle MeBstrecke verwendet, welche 
direkte visuelle Beobachtungen des Siedevorganges und gleichzeitige Messung des iirtlichen Wlrme- 
iibergangskoeffizienten an verschiedenen Punkten entlang des Kanals erlaubte. Eine Kanalwand wurde 
beheizt, wahrend die beiden benachbarten und die gegeniiberliegende Wand adiabat waren. drtliche 
WHrmeiibergangskoeffizienten am beheizten Teil der Kanalwand wurden fiir konvektives Sieden von 
Wasser, Methanol und n-Butanol bei Atmosphlrendruck iiber einen weiten Bereich der Massenstromdichte 
und des Dampfgehaltes bestimmt. Photographien der Striimung zeigen, da13 tat&hlich kein Blasensieden 
vorhanden ist, wenn Filmstriimung vorliegt. Fiir die hier untersuchte Rippenanordnung wurde ein vollstIn- 
diges Austrocknen des Films an einer einzelnen Stelle striimungsabwlrts an der beheizten OberflPche nicht 
beobachtet. Stattdessen wurden trockene Flgchen festgestellt, die sich an spezifischen Stellen bilden. Diese 
FlPchen wachsen in ihrer GriiDe str(imungsabwlrts an, bis der Film vollst&dig verschwunden ist. Ein 
analytisches Ngherungsmodell fiir den Transport im fliissigen Film wird ebenfalls dargestellt. Es wird eine 
Korrelation in geschlossener Form fiir den WHrmeiibergangskoeffizienten beim Sieden aus diesem Model1 

abgeleitet. Es zeigt sich eine gute ijbereinstimmung mit den gemessenen Werten 

KMIIEHME fIPM fIJIEH09HOM TEgEHMM XKMflKOCTEfi B 9ACTkI9HO 
06OTPEBAEMOM KOIIbUEBOM BEPTWKAnbHOM KAHAJIE C HJIACTMHqATbIM 

OPEEPEHMEM 

AHHOTaqHR--npenCTaBneHbl t$OTOrpa&i~ II0 Bki3yaJIA3aIUiki Te’IeHEiR II UaHHbIe II0 A3MepeHMSM JIO- 

KaJIbHOrO TenJIOnepeHOCa npH nJIeH04HOM TVICHAA XWIKOCTei? B KOJIbUcBOM BepTAKaJIbHOM KaHaJIe C 

n,IaCTAHYaTbIM ope6peHweM. kknOJIb3OBaJIaCb CneUEiaJ?bHaR OIIbITHaa yCTaHOBKa, LIaIOIUaII BOJMOT- 

HOCTb IIpSMOfi BH3yaJIH3aUAH IIpOUeCCa KIlneHWI npH OL,HOapcMeHHOM H3MepeHkIH KOY.$+,UBeHTOB 

noKanbHor0 -rennonepeHoca B HecKonbKHx ToYKax anonb KaHana. Onna cTeHKa KaHana Harpeeanacb, B 

TO apeMa KaK npoTBBononomHan M 6OKOBbIe 6bIna aDAa6aTHSeCKkiMH. K03#&iUAeHTbI ,IOKaJIbHOrO 

TennonepeHoca Ha HarpeBaeMbIx yracTKax CTeHKki H3MepeHbI nns Kwummx BonbI, MeTaHona 51 n- 

6yTauona npkI aTMoc+epHoM naBneHkiM B mwp0K0~ nHana30He noToKoB MaccbI A xapaKTepa nosepx- 

HOCTA. @OTOrpa@GI TWcHUa CBUAcTeJIbCTBykOT 0 TOM, ‘410 npEi nJIeHO’IHOM TeYeHUIl XKRnKOCTM 

ny3bIpbKOBOrO KllIIeHHIl IIpaKTHYeCKn He CymeCTByeT. &IS IICC,I’ZnyeMOfi CUCTeMbI pe6ep He aa6nIona- 

JIOCb nOJIHOr0 BbICbIXaHAIl n,IeHKIl Ha HarpeBaeMOfi IIOBcpXHOCTH, OH0 HMenO MCCTO ,IAUIb B OTLIWIbHbIX 

ToqKax no TeSeHmo. 3aMe9ea0, wo cyxae yYacrKa o6pasyIoT Ha MaTpeue xaparlepable 30trb1, npesehl 
pasbtepbl ygacTKos pacTyT no noTory. IIpencTaeneHa npn6JIEiHteHHaa aHankiTwIecKaa Monenb nepeHoca 

B “JIeHKe WtUJIKOCTH. n3 MOIIe,IM BblBeneHO ypaBHeHk,e 3aMKHyTOrO TUna n,Ia K03@8UUeHTa Tennoo6- 
MeHa IIpH KIIIEHHA, KOTOpOe XOpOmO COrJIaCyeTCH C naHHbIMU H3MepeHL4ir. 


