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Abstract-Measured local heat transfer data and visual observations of the two-phase flow behavior are 
reported for convective boiling of saturated liquids in a cross-ribbed channel similar to geometries used in 
formed-plate compact heat exchangers. Experiments in this study were conducted using a special test 
section which permitted direct visual observation of the boiling process while sim~taneously measuring 
the local heat transfer coe&ient 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 methanol and n-butanol at atmospheric 
pressure with the channel oriented vertically and in horizontal positions with top heating, side heating and 
bottom heating of the channel. Vertical flows were observed to be in the churn or annular flow regimes 
over most of the channel length whereas the horizontal flows were either in the wavy or annular flow 
regime over most of the channel. Visual observations also indicated that virtually no nucleate boiling was 
present when the tlow was in one of these three regimes. For the same coolant and flow conditions, at 
moderate to high qualities, the measured convective boiling heat transfer coefficients for the vertical and 
horizontal orientations were usually found to differ by only a small amount. However, for some orien- 
tations, partial dryout of the heated wall of the channel was sometimes observed to reduce the heat transfer 
coefficient. A method of correlating the heat transfer data for annular film-flow boiling in cross-ribbed 

channel geometries is also described. 

INTRODUCTION 

RIBBED-plate heat exchangers have been widely used 
in the chemical and food processing industries and 
in aerospace and automotive applications for many 
years. Manufacturers of heat exchangers with ribbed- 
plate geometries include Alfal Laval, Bavex, Inc., 
APV Company, the Paul Mueller Company, and Gen- 
eral Motors. Because the ribbed walls of formed-plate 
heat exchangers act to turbulate the flow, the heat 
transfer coefficient in the ribbed-wall channels is typ- 
ically much higher than that for a round tube under 
comparable conditions. Consequently, a smaller, 
lighter ribbed-plate heat exchanger may often do the 
job of a larger, heavier tube and shell unit. Ribbed- 
plate heat exchangers are commonly used for liquid- 
liquid heat transfer, and are sometimes used in appli- 
cations involving gas-gas or gas-liquid heat transfer. 

In addition to their use for single-phase appli- 
cations, units of this type nave also seen limited use 
as evaporators in process heat transfer applications in 
the chemical and petroleum industries. Ribbed-plate 
channels have also been used in compact brazed 
aluminum evaporators for automotive air-con- 
ditioning systems manufactured by General Motors. 
Ribbed-plate heat exchangers have also been con- 
sidered for evaporator applications in Ocean Thermal 
Energy Conversion (OTEC) systems. 

Despite their potential use in the applications noted 

above, little information on the convective boiling 
performance of cross-ribbed channel geometries is 
available in the open literature. A number of previous 
studies have investigated flow boiling heat transfer 
in tubes or channels with walls having ribs oriented 
parallel or transverse to the flow (see, e.g. refs. [l-3]). 
However, the geometries used in the ribbed-plate heat 
exchangers described above are unlike any of the rib 
configurations considered in these studies. 

In ribbed-plate heat exchangers, the ribs are often 
oriented at an angle between 20” and 70” to the flow 
direction. In addition, the rib pattern is usually 
designed so that the ribs on the opposite wall of the 
channel are oriented at a different angle, and so that 
ribs on opposite walls touch at locations where they 
cross. This results in a very complex geometry which 
forces the flow to twist and turn as it passes through 
the channel. The flow behavior in these geometries is 
expected to be much different than that in tubes or 
channels with parallel or transverse ribs along the walls. 
Consequently, the results of the studies mentioned 
above are not expected to apply to the cross-ribbed 
geometries of interest here. 

The convective boiling heat transfer performance 
of several different ribbed-plate heat exchangers has 
been determined experimentally in a recent study by 
Panchal et al. [4] at Argonne National Laboratory. 
These units were evaluated for use as evaporators 
in a proposed OTEC system. Ribbed-plate heat 
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NOMENCLATURE 

A constant in equation (4) q” surface heat flux 

A, surface area of ribs in channel section of & liquid Reynolds number, G( 1 -x)d,Jpr 
length L, Re, vapor Reynolds number, Gxd,,/p, 

4 prime surface area of channel section of Re, liquid Reynolds number based on heated 
length Z& perimeter, G( I- x)dhp/pLf 

& cross-sectional open area of channel St Stanton number, h/Cc, 

5 specific heat at constant pressure f rib thickness 

dh hydraulic diameter based on wetted TW wall temperature of prime surface of 
perimeter, 4A,/P, channel 

d hp hydraulic diameter based on heated Thn bulk mean temperature of the coolant 
perimeter, 4AJPu T SAT saturation temperature of coolant 

f friction factor w, width of copper slab 
F flow regime parameter, X mass quality 

b,~,‘i@r-~d491i’* &t Martinelli parameter for turbulent- 
G mass flux turbulent flow, 
h heat transfer coefficient ~~~~/~~~~~/~~~/~~~~,I”*. 
H dimension of ribs from root to tip 

jf volume flux of liquid, G( 1 - x}/pr 
Greek symbols 

.Jg volume flux of vapor, Gxjp, Ir absolute viscosity 

‘* 
Jg dimensionless volume flux of vapor, 

& 
kinematic viscosity 

~g~gliZ[gd~(~~-~g)l-“* 
parameter defined in equation (3). 

k fluid thermal conductivity Subscripts 

k, conductivity of copper f liquid properties or corresponding to 
K flow regime parameter, liquid flow alone in the channel 

IP,~9~,l(Pf-_p,)$v~l”2 g vapor properties or corresponding to 

L, length of channel section vapor flow alone in the channel 
n exponent in equation (4) fP corresponding to liquid flow alone in the 

P pressure channel heated on one side only 

pii heated perimeter F friction component of pressure gradient 

PW wetted perimeter tP corresponding to two-phase flow 

PrI liquid Prandtl number conditions. 

exchangers manufactured by Tranter and Alpha 
Lava1 were tested with the channels oriented vertically 
using ammonia or R-22 as the working fluid. 

These tests provided performance data for three 
different rib geometries over a wide range of operating 
conditions. However, only overall performance of the 
unit is reported in ref. [4]. From the reported data it is 
not possible to determine the heat transfer coefficient 
(either local or mean) on the boiling side of the unit. 
The authors did conclude that the mode of boiling 
heat transfer seems to consist of nucleate boiling as 
well as forced-convection evaporation. They expected 
nucleate boiling to be dominant in the lower part of the 
heat exchanger, and forced-convection evaporation 
was expected to become important in the upper part 
of the unit. 

The studies described above provide very little 
information about convective boiling and two-phase 
flow in cross-ribbed channel geometries. The results 
of many previous studies of flow boiling heat transfer 
in tubes or channels with ribbed walls do not apply to 
the cross-ribbed channel geometries considered here 
because the geometries are very different. The study 

of Panchal et aZ. [4] provides some insight into the 
performance of cross-ribbed channel geometries in 
evaporator aPpljcations. However, only very limited 
conclusions about the boiling mechanism can be made 
from the overall heat transfer measurements made in 
this study. 

In addition, data obtained by manufacturers of 
ribbed-plate heat exchangers, which might provide 
insight into the boiling heat transfer performance of 
cross-ribbed geometries, are often kept proprietary. 
Consequently, little is generally known about the 
manner in which geometry, flow conditions, channel 
orientation and fluid properties interact to determine 
the flow regime and heat transfer. More information 
about the nature of the convective boiling process in 
these geometries would make it possible to more fully 
assess the advantages of using ribbed-plate geometries 
for evaporator applications. 

The study described here was undertaken to exper- 
imentally explore the convective boiling heat transfer 
and two-phase tlow behavior in a cross-ribbed chan- 
nel. Experiments in this study were conducted using 
a special test section which permitted direct visual 
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FIG. 1. (a) Cutaway view of test section ; (b) drawing of rib geometry. 

observation of the boiling process while simul- 
taneously measu~ng the local heat transfer coef- 
ficient at several locations along the channel. One 
wall of the channel was heated while the opposite 
and lateral walls were adiabatic. Heating of a coolant 
channel on one side may arise in electronics cooling 
and other applications. Although the experiments are 
for one-sided heating, the results also provide insight 
into the boiling mechanisms which occur when both 
sides are heated. 

This study specifically examined the effects of chan- 
nel orientation on the boiling heat transfer and two- 
phase flow in the channel. Measured values of the 
local heat transfer coefficient are presented for satu- 
rated flow boiling of methanol and n-butanol at atmo- 
spheric pressure with the channel oriented vertically 
and in horizontal positions with top heating, side heat- 
ing, and bottom heating of the channel. The observed 
two-phase flow behavior and dryout characteristics 
are described, and a method of correlating the con- 
vective boiling heat transfer data is also discussed. 

EXPERIMENTAL APPARATUS AND 

PROCEDURE 

Experimental studies of convective boiling in a 
cross-ribbed channel geometry were conducted using 
the test section shown in Fig. 1. One end of the rect- 
angular copper slab shown in Fig. 1 was machined 
to form parallel ribs oriented at a 30” angle to the flow 
direction. These ribs have a rectangular cross-section, 
which is an idealization of the more rounded ribs usually 
found in ribbed-plate heat exchangers. The dimen- 
sions and spacing of the ribs are shown in Fig. 1. 
Ribs with the same dimensions and spacing were also 
machined in a Teflon sheet. This Teflon insert and the 
copper slab fit into the assembly shown in Fig. 1 to 
form a channel with cross-ribbed walls. 

The side walls of the channel are Teflon to minimize 
lateral heat loss, and the inner glass plate on top of 
the Teflon insert forms the top wall of the channel to 
permit visual observation of the boiling process all 
along the channel. A second glass plate covers the 
inner one and 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, 6.4 mm high and 45.7 cm long. The 
hydraulic diameter based on the heated perimeter for 
this geometry, dhP, is 12.1 mm, and the hydraulic diam- 
eter based on the wetted perimeter, d,,, is 5.2 mm. 

The copper slab was heated at the bottom end by 
two electrical resistance heaters, which provide a vir- 
tually uniform heat input along the Iength of the chan- 
nel. Heat is conducted from the heaters along the 
copper slab to the ribbed surface where it is trans- 
ferred 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 sur- 
roundings was negligible. 

At 11.4,22.9 and 34.3 cm downstream of the chan- 
nel inlet, thermocouples were embedded in the copper 
slab, as indicated in Fig. 1, to determine the tem- 
perature gradient and surface temperature at three 
locations along the length of the channel. Small diam- 
eter the~o~ouples (0.9 mm beads) were installed in 
precisely located 1.0 mm diameter holes drilled into 
the centerline of the copper slab. The spacing between 
the first and third thermocouples was sufficiently large 
(19 mm) that uncertainty in the bead location 
was small compared to the separation distance. A 
least-squares fit of a linear relation to the three 
thermocouple readings was used to determine the 
temperature gradient in the slab and the surface tem- 
perature (between ribs) of the copper wall in contact 
with the fiuid. Generally, all three points agreed 
closely with the curve-fit straight-line relation. 
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The temperature gradient determined from the 
slope of the linear relation fit to the thermocouple 
readings was used to calculate the heat flux to the 
ribbed surface of the channel. In both the single-phase 
and flow boiling experiments conducted in this study, 
the measured temperatures in the copper slab indicate 
that in the region near the ribbed surface, the tem- 

perature gradient along the channel (in the streamwise 
direction) was always much less than the temperature 
gradient normal to the channel wall. Consequently, 
at locations where single phase or convective boiling 
heat transfer coefficients were measured, conduction 
of heat upstream or downstream in the slab had no 
significant effect on the accuracy of the channel wall 
heat flux determined from the thermocouple measure- 
ments. 

COOLING 
WATER IN I 

Thermocouples were also installed through the 
channel wall at the three locations noted above to 
measure the local fluid temperature. This result was 
combined with the calculated heat flux and surface 
temperature to compute the local heat transfer 
coefficient. Thermocouples in the test section were 
read using an Omega two-pole selector switch and a 
precision Fluke digital readout with a resolution of 
&O.O6”C. With this configuration, the uncertainty in 
the heat flux is estimated to be f6% and the uncer- 
tainty in the heat transfer coefficients is estimated to 
be fll%. 

FIG. 2. Test system used in convective boiling experiments. 

A steady flow of liquid was supplied to the test 
section by the system shown schematically in Fig. 2. 
The power to the auxiliary heaters in the reservoir 
and the condenser water flow rate could be varied to 
control the temperature of the liquid at the inlet to 
the test section. The flow rate to the test section was 
set using the flow control valve shown in Fig. 2. 

The liquid flow rate to the test section was measured 
using a Cole-Parmer rotameter. This flow meter was 
calibrated at several liquid temperatures so that the 
effect of property variation with temperature was 
taken into account. Rotameter calibration curves were 
determined for both fluids tested here. 

the single-phase heat transfer characteristics were first 
determined for the cross-ribbed channel 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 10-15 min before readings 
were taken. The resulting single-phase heat transfer 
data are plotted in non-dimensional form in Fig. 3. 
The heat transfer coefficients represented in this figure 
were measured at a specific downstream location and 
they are average values over the heated perimeter of 
the channel at that location. 

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

The ribs on the copper surface will function as fins 
during the heat transfer process. In determining the 
heat transfer coefficient, the contribution of the rib 
surface area to the total surface area was therefore 
multiplied by the fin efficiency of the ribs to account 

Although Fig. 1 depicts the test section channel 
horizontally, the experiments reported here were done 
with the channel in both the vertical and horizontal 
positions. 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. Photographs 
of the two-phase flow at various locations along the 
channel were taken using a Pentax 35 mm camera 
with a 50 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. 

Before running the convective boiling experiments, 

t . i 
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FIG. 3. Single-phase heat transfer data for channel. 
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for the slight difference between the rib temperature 
and the temperature of the wall between the ribs. 
The heat transfer coefficient determined in this way 
corresponds to the mean value over the perimeter of 
the channel which would result if the ribs and the wall 
between them were all at the same temperature. These 
values of h were iteratively calculated from the energy 
balance relation 

~JckVT, = W,+riaA,)(Tw-TM) (1) 

where VT, is the measured local temperature gradient 
in the copper and qil is the fin eficiency of the ribs 
given by 

1 

vR = M(H+ t/2) 

tanh (MT)+- h/k,M 

1 + (h/k&f) tanh (MH) 1 ’ 
M = ,/(2h/k,t). 

(2) 

The correlation shown in Fig. 3 is a least-squares fit 
to the data. This single-phase heat transfer correlation 
will be discussed further in connection with the 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 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 deter- 
mined by visually inspecting the flow in the channel. 
This zero-quality point was taken to be the first down- 
stream location where continuous growth and release 
of vapor bubbles occurred, and vapor bubbles were 
present throughout the liquid flow in the channel. 

Values of htp were determined for convective boiling 
of methanol and n-butanol at or near atmospheric 
pressure. Four different channel orientations were 
tested. Data have been obtained for values of quality 
and mass flux in the ranges 0.05 < x < 0.8 and 
5 < G < 90 kg m-’ SK’. Although the values of mass 
flux considered in these experiments are relatively low, 
mass flux IeveIs between 20 and 90 kg me2 SC’ are 
commonly encountered in evaporators for small 
refrigeration and air-conditioning systems, and other 
thermal control applications in which a low evap- 
orator pressure drop is desirable. Hence, the results 
of these experiments relate most directly to appli- 
cations of this type. The estimated uncertainty in the 
measurements is 1_ 5% for G, f9% for x and f 13% 
for h,,. 

RESULTS FOR VERTICAL FLOW 

Thermocouple measurements of temperatures in 
the copper slab indicate that the heat flux varies some- 
what along the channel wall near the location of the 
onset of boiling. Because thermocouples in the slab 
determine the heat flux at just a few locations, the 
exact nature of the variation is not known in this 
region, and, consequently, exact prediction of the zero- 
quality location from an energy balance is not 
possible. Approximate energy balances over this por- 
tion of the channel predict locations for the zero- 
quality point which are very close to the visually 
observed locations. However, due to the approximate 
nature of these energy balances, the visually observed 
locations are taken to be more accurate. Furthe~ore, 
comparisons indicate that the slight differences 
between the zero-quality locations obtained by these 
two methods generally correspond to an uncertainty 
of less than f6% in the quality at the downstream 
location where flow boiling heat transfer coefficients 
were determined. 

During vertical-flow convective boiling, the flow 
appeared to be in the bubbly regime very near the 
location of the onset of saturated boiling. A very 
short distance downstream, the flow had undergone a 
transition to slug flow, and a short distance thereafter, 
the transition to churn or annular flow was observed. 
A rapid transition from bubbly Aow to an annular 
flow configuration was characteristic of the boiling 
processes for both fluids tested here. 

A photograph of the annular two-phase flow 
observed during vertical-flow convective boiling of 
methanol is shown in Fig. 4. At the thermocouple 
location indicated by the arrow, G = 15.1 kg m-* s-l, 
x = 0.28 and h,, = 7.55 kW m-’ K-‘. The liquid film 
traveling upward along the front (glass) wall and back 
(heated) wall appeared to follow the rib pattern diag- 
onally upward and across the channel, until it hit the 
side wall. The liquid then appeared to transfer to the 
opposite (front or back) wall and flowed diagonally 
upward and across the channel in the opposite direc- 
tion. This produced an almost helical motion of the 
liquid film in the channel. 

The heat transfer coefficient was determined at the Intermittently, waves could sometimes be observed 
two thermocouple locations near the downstream end to travel upward in the liquid film along the front and 
of the channel where boiling was observed to occur. back walls of the channel. However, these waves were 
As for single-phase flow, the local heat transfer usually broken up and dissipated in a very short dis- 
coefficient was obtained by iteratively solving equa- tance because of the presence of the ribs. The annular 

tions (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 thermocouple locations was determined 
by using the measured heat input values in an energy 
balance over the portion of the channel where satu- 
rated boiling occurred. The measurements thus indi- 
cated the value of h,, which corresponded to specific 
values of x and G. 
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FIG. 4. Photograph of annular film flow boiling of methanol 
in a vertical cross-ribbed channel at G = 15.1 kg mm2 s-’ and 
q” = 55.5 kW m-*. At the thermocouple location indicated 

by the arrow, x = 0.28 and h,, = 7.55 kW m-* K-‘. 

flow behavior observed during convective boiling of 
n-butanol was very similar to that observed for meth- 
anol. 

In the churn and annular flow regimes, virtually 
no nucleate boiling was visually observed during the 
convective boiling experiments, even though the wall 
superheat was often over 9°C. In Fig. 4, very little, if 
any, evidence of nucleate boiling can be seen. During 
the experiments, bubbles could be observed at a few 
locations in the corner where the rib meets the copper 
surface. The liquid film is thicker and the convective 
component of heat transport is expected to be weaker 
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 in these corner locations, even though it has 

been thoroughly suppressed along the flat surfaces of 
the channel. 

The vertical flow conditions at which data were 
obtained are indicated on a flow regime map of the 
type proposed by Hewitt and Roberts [5] for upward 
co-current flow in Fig. 5. It can be seen that the flow 
conditions studied here span the transition from churn 
flow to annular flow. The transition line suggested by 
Hewitt and Roberts [S] corresponds approximately to 
p,j,’ = 200 for the range of p,j : encountered in our 
experiments. This would place all of our data in the 
churn flow regime. For the flows considered here, the 
transition condition suggested by Wallis [6] is lower, 
but it would also place much of our data in the churn 

flow regime. 
For virtually all of our vertical flow data, our visual 

observations indicated that the flow in the channel 
was annular in configuration. For about half of the 
data points, the flow appeared slightly oscillatory in 
nature, with visible intermittent downflow of liquid. 
For these circumstances, which were usually observed 
at lower qualities, the flow looked more like churn 
flow than steady annular flow. The other half of our 
data appeared to be in upward annular flow. 

Based on our visual observations, the approximate 
transition line between churn and annular flow is indi- 
cated in Fig. 5. In terms of thejp* parameter defined by 
Wallis [6], the transition conditions observed during 
these flow boiling experiments correspond approxi- 
mately to j: = 0.4. 

The experimentally determined variations of h,, 
with x for various G values are shown in Figs. 6(a) 
and (b) for 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 mea- 
sured value of h,, is seen to increase with increasing G 
and x for both fluids. The data obtained at higher 
mass flux levels were consistent with the trends 

FIG. 5. Visually observed two-phase flow regimes during 
convective boiling in a vertical cross-ribbed channel. The 
open and solid symbols correspond to annular flow and 
churn flow, respectively. The curve denotes the approximate 

transition based on visual observations. 
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observed in Figs. 6(a) and (b). The variations of h,, 
with x and G shown in these figures are qualitatively 
similar to those obtained by Carey and Mandrusiak 
[7] for a vertical channel with offset strip fins. 

In addition to the experimental data, Figs. 6(a) and 
(b) also show the variation of the convective boiling 
heat transfer coefficient predicted by the Bennett and 
Chen [8] correlation for a vertical round tube with the 
same hydraulic diameter as the channel used in our 
experiments (d,, = 5.2 mm). The variation of h, with 
x was calculated using the Bennett and Chen [8] cor- 
relation for the wall temperatures and mass flux levels 
measured in our experiments. Due to the more com- 
plicated nature of the cross-ribbed geometry, the data 
for this channel configuration would not generally be 
expected to agree with predictions of the Bennett and 
Chen [S] correlation. The purpose of presenting the 
variation of h,, predicted by the Bennett and Chen [8] 
correlation is to compare the heat transfer per- 
formance characteristics of the cross-ribbed channel 
with those of a round tube under similar conditions. 
It can be seen in Figs. 6(a) and (b) that for the same 
G and x values, the heat transfer coefficients for the 
ribbed channel are as much as three times those for 
the round tube. 

Calculations using the Bennett and Chen [8] cor- 
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FIG. 6. Measured local heat transfer coefficients for con- 
vective boiling in a partially heated vertical cross-ribbed 
channel. Data shown are for (a) methanol and (b) n-butanol. 
The half filled symbols denote partial dryout of the heated 

surface. 

relation also indicate that a substantial nucleate boil- 
ing effect on heat transfer would exist in the round 
tube, even for conditions resulting in annular flow. In 
contrast, we observed virtually no nucleate boiling in 
the ribbed channel when the flow is in the annular 
flow regime. It appears that for nominally the same 
annular flow conditions, the ribbed channel sup- 
presses nucleate boiling more effectively than a round 
tube with the same hydraulic diameter. 

Based on an approximate model of transport in the 
liquid film, Carey and Mandrusiak [7] derived the 
following correlation for annular film-flow boiling in 
a partially-heated vertical channel : 

y’= 2 0 fP 

x 4.74JA tan ’ P 149,/(Refp f’rf),/M 14p)l 
Re$’ Prji6(dhp/dh)“/’ 

c3aj 

= [* +:+&I”’ WI 

where n and A are constants from the single-phase 
heat transfer correlation for turbulent flow 

St, Prf/’ = A Re&” 

and X,, is given by equation (10). 
The geometry of the channel studied here is con- 

siderably different from the partially-heated channel 
of rectangular cross-section considered by Carey and 
Mandrusiak [7]. However, for annular film flow, the 
liquid film is often very thin, and large-scale variations 
of the channel wall geometry may have only a weak 
effect on local transport. It may therefore be possible 
to also correlate the heat transfer data for this 
geometry in terms of X,, and Y as defined above. 

The measured heat transfer data obtained here for 
vertical flow boiling of methanol and n-butanol are 
plotted in terms of Y and l/X,, in Figs. 7(a) and 
(b), respectively. In these figures, the open symbols 
indicate annular flow and the solid symbols indicate 
churn flow. In calculating Y for the data in these 
figures, the values of n and A were taken from the 
correlation in Fig. 3 to be 0.34 and 0.324, respectively. 
Also shown in Figs. 7(a) and (b) is the curve cor- 
responding to equation (3b). 

It can be seen in Figs. 7(a) and (b) that for both 
fluids tested here, the data correlate well in terms of 
Y and X,, over wide ranges of mass flux and quality. 
Even the data for vertical churn flow are consistent 
with the annular flow trend. However, for both meth- 
anol and butanol, the heat transfer data are con- 
sistently about 20% higher than the Y variation pre- 
dicted by equation (3). Actually, there is no reason, a 
priori, to believe that equation (3) should fit the data 
for this geometry. However, as shown in Figs. 7(a) 
and (b), the data for this geometry agree well with the 



2392 X. Xu and V. P. CAREY 

1.0’ . ’ * ’ ’ ’ . ’ 
10-l 1.0 IO IO2 IO3 

“X,, 

IO3 , I . I . . , * 

IO 

1.0 

I 0-l 1.0 IO IO2 IO3 

l/&t 

FIG. 7. Comparison of the measured heat transfer data for 
convective boiling in a vertical cross-ribbed channel with 
correlation (3) proposed by Carey and Mandrusiak [7] and 
equation (5). Data shown are for (a) methanol and (b) n- 
butanol. The solid symbols and open symbols denote churn 
flow and annular flow, respectively. Half filled symbols 

denote partial dryout of the heated surface. 

relation 

Data in the annular flow regime agree very well with 
equation (5) for both fluids tested here. Even for data 
in the churn flow regime, agreement with equation (5) 
is quite good, although the scatter about the curve is 
a bit larger in some cases. 

RESULTS FOR HORIZONTAL FLOW 

During horizontal-flow convective boiling, the flow 
was observed to be in the bubbly regime very near the 
location of the onset of saturated boiling. A very 
short distance downstream, the flow had undergone a 
transition to slug flow, and a short distance thereafter, 
the transition from slug flow to stratified, wavy or 
annular flow was observed. Because of the rapid tran- 
sition to one of these three regimes, all of our mea- 
sured heat transfer data for horizontal flow are in the 
stratified, wavy or annular flow regime. 

For horizontal flows in the stratified, wavy and 
annular flow regimes, virtually no nucleate boiling 
was visually observed during the convective boiling 
experiments, even though the wall superheat was often 

over 10°C. As in the vertical experiments, bubbles 
could be observed at a few locations in the corner 
where the rib meets the copper surface. The same 
weaker tendency to suppress nucleation in these cor- 
ner regions apparently exists in both vertical and hori- 
zontal flows. 

The horizontal flow conditions at which heat trans- 
fer measurements were made are indicated on a flow 
regime map of the type proposed by Taitel and Dukler 
[9] for horizontal co-current flow in Fig. 8. The flow 
conditions studied here resulted in stratified, wavy or 
annular flow. Note that data for side and bottom 
heating are shown. For the same conditions, the flow 
behavior for top heating was virtually the same as for 
bottom heating. 

The transition from wavy to annular flow is 
observed in the upper part of Fig. 8 where the data 
for wavy and annular flow are plotted in terms of 
X,, and F. Here, X,, is the Martinelli parameter for 
turbulent-turbulent flow 

X, = [(dpldz),,l(dpldz),,l"2 (6) 

and F is defined as 

The single-phase pressure gradients in equation (6) 
are evaluated as 

(dp/&)Ff = -‘““,‘; --+ 
f h 

(84 

2x2 
(dp/dz),, = - 5. 

g 

In equations (8a) and (8b), the single-phase friction 
factors are determined using the modified Reynolds 
analogy with the heat transfer correlation determined 

FIG. 8. Visually observed two-phase flow regimes during 
convective boiling in a horizontal cross-ribbed channel. The 
open and solid symbols correspond to bottom heating and 
the half filled symbols correspond to side heating. The solid 
curves denote the approximate transitions based on visual 
observations. The broken curves are the transitions proposed 
by Taitel and Dukler [9] for horizontal flow in a round tube. 
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experimentally for turbulent flow in this geometry 

f f/2 = St, P$’ = A Re,” 

f,/2 = St, Pr,213 = A Re;“. 

(94 

WI 

The single-phase friction factor determined in this 
way is not the same as that for the entire cross-ribbed 
matrix, which includes the effect of form drag on the 
ribs. The modified Reynolds analogy relation 
accounts only for the fluid shear on the channel walls. 
Also, since the wall shear acts around the entire chan- 
nel perimeter, the hydraulic diameter based on heated 
perimeter in the heat transfer correlation is replaced 
by the hydraulic diameter based on the wetted 
perimeter. 

Combining equations (6) (8) and (9), it can be 
shown that 

& = p>‘;* (EJ2 (!gn’* (10) 

which is consistent with the definition of X, used by 
Carey and Mandrusiak [7] to correlate data for ver- 
tical flows in offset strip fin geometries. Equation (10) 
with n = 0.34 was used to calculate X,, for the exper- 
imental data shown in Fig. 8. 

The curve in the upper portion of Fig. 8 indicates 
the approximate location of the transition from wavy 
to annular flow based on visual observations. This 
transition is approximately the same as that proposed 
by Taitel and Dukler [9] for horizontal flow in more 
conventional channel configurations. However, for 
the cross-ribbed geometry, the exact location of the 
transition is slightly different. 

The transition from stratified to wavy flow is 
observed in the lower portion of Fig. 8, where the data 
for stratified and wavy flow are plotted in terms of X,, 
and K. Here, K is defined as 

(11) 

As seen in Fig. 8, only a few points correspond to 
stratified flow. Stratified flow could be achieved only 
at very low flow rates, apparently because agitation 
of the flow by the ribs serves to trip the flow into a 
wavy flow mode. The curve in the lower portion of 
Fig. 8 indicates the approximate location of the flow 
regime transition, based on visual observation. 
Because we have only a few points in the stratified 
regime, this placement of the transition line is some- 
what tentative. It is interesting to note, however, that 
the indicated transition from stratified to wavy flow 
is only slightly different from that proposed by Taitel 
and Dukler [9] for horizontal flow in a round tube. 

The experimentally determined variations of h,, 
with x for various G values are shown in Figs. 9 and 
10 for the horizontal channel orientations tested here. 
All the data shown are for saturated convective boil- 
ing of methanol or n-butanol at or near atmospheric 
pressure. The variation of h,, with x is shown for low 
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FIG. 9. Measured local heat transfer coefficients for con- 
vective boiling of methanol in a partially heated horizontal 
channel. Data shown are for (a) bottom heating, (b) side 
heating and (c) top heating. The half tilled symbols denote 

partial dryout of the heated surface. 

to moderate values of G in these plots. As for the 
vertical tests, additional data were obtained for higher 
values of G, but the systematic variation of h,, with x 
was not determined. 

The convective boiling heat transfer data for hori- 
zontal flow of methanol and n-butanol with bottom 
heating are shown in Figs. 9(a) and 10(a), respectively. 
A close comparison of Figs. 9(a) with 6(a), and 10(a) 
with 6(b) reveals that for the same quality and mass 
flux, the measured heat transfer coefficients for ver- 
tical and bottom-heated horizontal flow are virtually 
the same. The same trends of increasing h,, with G 
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and x seen in the vertical data are also apparent in 
Figs. 9(a) and IO(a). 

F’ 1 I I 

In addition to the experimental data, Fig. 9(a) also 

shows the variation of the convective boiling heat 
transfer coefficient predicted by the Shah [lo] cor- 
relation for a horizontal round tube with the same 
hydraulic diameter as the channel used in our experi- 
ments. The variation of h,, was calculated using the 
Shah [lo] correlation for the heat flux values measured 
in our experiments, at mass flux values of 15.3, 22.0, 
35.1 and 48.3 kg rn-’ s-‘. 

0 Q-22.0 k,,/d. APPROXIYATE FIT 
A 0’32.7 kg/m=, 

0 0.44.0 kg/m% 
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’ 
3 

104- 
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For horizontal flow, the Shah [lo] correlation 
accounts for the fact that the upper portion of the 
tube wall may be at least partially dry. Consequently, 
the average value of h,, predicted by this correlation 
may be somewhat lower than that for the bottom 
portion of the channel alone. However, even if the 
top half of the round tube were totally dry, the heat 
transfer coefficient over the lower wetted half of the 
wall would only be twice the average value predicted 
by the Shah [lo] correlation. It can be seen in Fig. 
9(a) that, for comparable conditions, the heat transfer 
coefficient for the ribbed channel is as much as five 
times that for a round tube. Even allowing for partial 
dryout of the round tube, the h,, values for the bottom 
of the ribbed channel are significantly higher than 

corresponding values for the bottom of a round tube. 
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Figures 9(b) and 10(b) show convective boiling heat 
transfer data for horizontal flow with the channel 
rotated 90” so that heat is applied to one side wall of 
the channel. By comparing Fig. 9(b) with Figs. 9(a) 
and 6(a), and Fig. 10(b) with Figs. 10(a) and 6(b), it 
can be seen that at the same x and G values, the 
measured heat transfer coefficients for G > 10 kg me2 

S -I are virtually the same as for the vertical and 
bottom-heated horizontal flows. At high mass flux, 
the disturbance of the flow by the ribs apparently helps 
to distribute liquid all over the channel walls, despite 
the tendency of gravity to pull liquid into the bottom 
portion of the channel. However, for methanol at 
G = 8.7 kg m-* s-l, the heat transfer coefficient is 
seen to drop precipitously at high quality. At this low 
mass flux, the mixing of the flow by the ribs is not 
adequate to keep the entire heated surface wet at high 
quality. The heated wall thus became partially dry 
at moderate quality, resulting in a low average heat 
transfer coefficient. It appears, therefore, that this 
geometry performs as well in this orientation as for 
vertical flow, provided the mass flux is not too low. 

FIG. 10. Measured local heat transfer coefficients for con- 
vective boiling of n-butanol in a partially heated horizontal 
channel. Data shown are for (a) bottom heating and (b) side 
heating. The half filled symbols denote partial dryout of the 

heated surface. 

channel wet in this orientation, and early dryout may 
greatly reduce the heat transfer coefficient on the top 
wall. Because of this early dryout behavior, only a 
small amount of data for methanol at low quality was 
obtained for this orientation. 

For horizontal annular flow, gravitational effects 
may be weak, and transport in the liquid film may 
be similar to that for vertical flow at the same flow 
conditions. Since the vertical data correlated well in 
terms of the X,, and Y parameters defined by Carey 
and Mandrusiak [7] for vertical annular flow, the hori- 
zontal data may also be expected to correlate well 
in terms of these parameters, at least for conditions 
corresponding to annular flow. 

A limited amount of heat transfer data for top- The measured heat transfer data obtained for bot- 
heated horizontal flow of methanol is shown in Fig. tom-heated and side-heated horizontal flow are plotted 
9(c). In the top-heated experiments, the heated surface in terms of Y and l/X,, in Figs. 11 (a) and (b). The 
was observed to begin drying-out at very low quality. little data obtained for top heating is not shown, since 
This is reflected in Fig. 9(c) as the,roll-over in the heat it is all for low quality conditions corresponding to 
transfer data with increasing x which occurs between bubbly or wavy Bow. In these figures, data cor- 
x = 0.1 and 0.2. Apparently this cross-ribbed responding to partial dryout of the heated surface are 
geometry does not effectively transfer liquid across denoted by half filled symbols. As for the vertical flow 
the narrow dimension of the channel, even at low to data, the values of n and A from the single phase 
moderate quality, when gravity opposes the transfer. correlation shown in Fig. 3 were used to calculate Y 
Consequently, it is difficult to keep the top wall of the and X,, for the data in Figs. 11 (a) and (b). Also shown 
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FIG. 11, Comparison of the measured heat transfer data for 
convective boiling in a horizontal cross-ribbed channel with 
correlation (3) proposed by Carey and Mandrusiak [7] and 
equation (5). Data shown are for (a) methanol and (b) n- 
butanol. The solid symbols and open symbols denote wavy 
flow and annular flow, respectively. The half filled symbols 

denote partial dryout of the heated surface. 

in these figures are curves corresponding to equations 
(3b) and (5). 

It can be seen in Figs. 11 (a) and (b) that for both 
side heating and bottom heating, the data correlate 
well in terms of Y and X,, over wide ranges of mass 
flux and quality. Even the data for wavy flow are 
consistent with the annular flow trend. The only 
exceptions are the partial dryout data for side heating, 
which are slightly low relative to the trend in the other 
data. As for the vertical results, the heat transfer data 
in Figs. 11(a) and (b) are consistently about 20% 
higher than the correlation given by equation (3). 
However, these horizontal data are seen to agree well 
with the correlation given by equation (5). The annu- 
lar flow data for both methanol and n-butanol agree 
very well with equation (5) for both horizontal orien- 
tations represented in Fig. 11. Even for data in the 
wavy flow regime, agreement is quite good, although 
scatter about the curve is a bit larger. Hence, the 
correlation given by equation (5) fits both the vertical 
flow and horizontal data, for churn, wavy or annular 
flow conditions, provided that the heated surface is 
fully wetted by the liquid film. 

CONCLUSIONS 

Measurements of local heat transfer coefficients and 
observations of the two-phase flow in this study reveal 

a number of interesting features of convective boiling 
in a partially-heated cross-ribbed channel. Visual 
observations indicated that for the relatively low pres- 
sure conditions studied here, the two-phase flow for 
a vertical channel takes on an annular configuration 
a short distance downstream of the beginning of satu- 
rated boiling. Beyond that point, the vertical flows 
studied here were in either the churn flow or annular 
flow regime. Similarly, for horizontal flows, the two- 
phase flow was found to be in either a wavy flow or 
annular flow regime a short distance downstream of 
the onset of saturated boiling. In these regimes, 
nucleate boiling was suppressed over virtually the 
entire heated surface and the phase change was 
accomplished primarily by convection of heat to the 
liquid-vapor interface where evaporation occurred. 

For vertical two-phase flow in the rib geometry 
tested here, the transition from churn flow to annular 
flow was found to occur at a slightly lower value of 
p,j,’ than values suggested by Hewitt and Roberts [5] 
or Wallis [6] for vertical round tubes. For horizontal 
flows, the transition from wavy to annular flow was 
found to occur at about the same values of F as for 
horizontal flow in round tubes, although the exact 
location and slope of the transition line were somewhat 
different. Although the data obtained for stratified 
flow is limited, the results indicate that the transition 
from stratified to wavy flow in the cross-ribbed chan- 
nel occurs at about the same conditions as for hori- 
zontal flow in round tubes. 

For both horizontal and vertical flows, the mea- 
sured value of the local convective boiling heat trans- 
fer coefficient was found to increase as quality or mass 
flux increases, in a manner similar to that for round 
tubes. For horizontal flow with bottom or side 
heating, the measured heat transfer coefficient was 
virtually the same as for vertical flow. The only excep- 
tions to this rule were at low mass flux for side heating. 
For these conditions, the ribs failed to distribute liquid 
over the entire heated surface, resulting in local dryout 
of the heated surface and a subsequent drop in the 
local heat transfer coefficient. 

For convective boiling in a vertical cross-ribbed 
channel, it was also found that the measured con- 
vective boiling heat transfer coefficient can be two to 
three times larger than the value predicted by the 
Bennett and Chen correlation [9] for convective boil- 
ing in a vertical round tube with the same hydraulic 
diameter, mass flux, quality, and wall temperature. 
Furthermore, the Bennett and Chen correlation pre- 
dicts a strong nucleate boiling contribution to the 
overall heat transfer in comparable round tube flows. 
In contrast, we found virtually no nucleate boiling in 
the ribbed channel flow under comparable conditions. 
Apparently the enhancement of the forced convection 
effect caused by the ribs also results in a stronger 
suppression of nucleate boiling. 

For horizontal flow with top heating, the measured 
heat transfer coefficients at very low quality were con- 
sistent with the data obtained for vertical flow. How- 
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ever, in this orientation, transfer of liquid to the top 
wall of the channel against gravity was poor, even at 
low quality and moderate mass flux. Consequently, 
at low quality (x N 0.10) the heated top wall of the 
channel began to dry out, and the heat transfer 
coefficient dropped off rapidly with increasing quality. 
Although this channel geometry provides superior 
performance in a vertical orientation, for horizontal 
flow with top heating, early dry-out may seriously 
degrade performance. 
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TRANSFERT THERMIQUE ET ECOULEMENT DIPHASIQUE DANS UN CANAL 
AVEC AILETTES ET PARTIELLEMENT CHAUFFE 

R&m&Des don&es de transfert de chaleur et de visualisation d’un ecoulement diphasique sont present&es 
pour l’ebullition de liquides satures dans un canal avec ailettes semblable aux geometries utilisees dans les 
echangeurs compacts a plaques. Une section d’essai speciale permet une visualisation directe du mecanisme 
d’tbullition pendant que le coefficient local de transfert thermique est mesure en difftrents endroits le long 
du canal. Une paroi du canal est chauffee tandis que la paroi opposee et les cBtCs sont adiabatiques. Les 
coefficients de transfert mesures localement sur la portion chauffee sont obtenus pour l’ebullition convective 
du methanol et du n-butanol a la pression atmospherique, avec orientation verticale ou horizontale, 
chauffage du canal au sommet, latbralement ou en partie inferieure. Pour le m&me refrigerant et les mdmes 
conditions d’ecoulement, depuis les qualites modtrees jusqu’aux fortes, les coefficients de transfert 
thermique pour les orientations verticale et horizontale different assez peu. Par contre, pour ces orientations, 
l’assechement partiel de la paroi chaude reduit le coefficient de transfert. On dtcrit une methode pour 

mettre en formule les donnees de l’ebullition avec film annulaire dans les geometries ttudies. 
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WARMEUBERGANG UND ZWEIPHASENSTRdMUNG BEI KONVEKTIVEM SIEDEN 
IN EINEM TEILWEISE BEHEIZTEN, QUERBERIPPTEN KANAL 

Zusammenfassung-Es wird iiber gemessene ortliche Wiirmetibergangskoeffizienten und visuelle Be- 
obachtungen von Zweiphasenstriimungen bei konvektivem Sieden von geslttigten Fliissigkeiten in einem 
querberippten Kanal berichtet. Die Geometrie ist lhnlich der, wie sie bei Plattenkompaktwannetauschem 
benutzt wird. Die Experimente in dieser Untersuchung wurden ausgefiihrt unter Benutzung einer speziellen 
Megstrecke, die eine direkte visuelle Beobachtung des Siedevorgangs bei gleichzeitiger Messung des lokalen 
Wlrmeiibergangskoeffizienten an verschiedenen Orten entlang des Kanals erlaubte. Eine Wand des Kanals 
wurde beheizt, wahrend die gegentiberliegende und die seitlichen Wande adiabat waren. Man erhielt 
gemessene iirtliche Wlrmeiibergangskoeffizienten im beheizten Bereich der Kanalwand fiir konvektives 
Sieden mit Methanol und n-Butanol unter Atmosphkendruck bei senkrecht gestelltem Kanal oder waa- 
gerecht liegendem Kanal mit Beheizung der Grundfllche, einer Seitenflkhe oder der Deck&he. Bei 
vertikaler Anordnung wurde iiber den grogten Teil der Kanalllnge Schaum- oder Ringstrijmung beobach- 
tet, wahrend bei horizontaler Anordnung hauptslchlich Wellen- oder Ringstrijmung auftraten. Visuelle 
Beobachtungen zeigten, daD kein Blasensieden vorhanden war unter einer dieser drei Striimungsfonnen. 
Es ergab sich, daB fiir gleiche Ktihl- und Stromungsbedingungen, bei magig hohem Massendampfgehalt, 
die gemessenen WIrmeiibergangskoetBzienten fur konvektives Sieden sich bei vertikaler und horizontaler 
Anordnung gewohnlich nur urn einen kleinen Betrag unterschieden. Jedoch wurde bei einigen Anordnungen 
manchmal ortliches ‘dryout’ der beheizten Kanalwand bcobachtet; dies verringerte den Wlrme- 
iibergangskoeffizienten. Eine Methode zur Korrelierung der Wlrmeiibergangskoeffizienten fiir Ringfilm- 

Striimungssieden bei querberippten Kanalgeometrien wird ebenfalls beschrieben. 

TEI-IJIOOSMEH I4 &BYX@A3HOE TEgEHHE I-IPH KHHEHHM B 9ACTH4HO 
06OTPEBAEMOM KAHAJIE C I-IOI-IEPEYHbIM OPEEPEHHEM 

A~~~T~HHK--II~HK~~KTCK pe3ynbTam HshfepeHHn noKanbHor0 Terrnoo6MeHa H naHHbre eH3yanbmsx 

Ha6monenufi nB)‘X@a3HOrO nOTOKa npH KHneHHH HaCbUlJeHHbIX KCHAKOCTefi B KaHa.IIe C IIOnepWIHbIM 

Op6peHHeM, HMeiOlI&?M KOH@HrYpBIlHlO, lIOnO6Hj’lO HCnOJIb3yeMOii B KOMnaKTHbrX ITKaCTHHHaTblX Ten- 
KOO6MeHHHKaX. 3KcnepHMeHTbI npoBomiJIHcb B CnemiaJIbHoii pa6oqeii C~KHHH KaHaJta, KOTO~U no3- 

BOJU"la HenO‘JW,CTBeHHO Ha6JIKVlaTb KHneHHe H OnHOB~MeHHO H3MepKTb JIOKa.,IbHblfi K03@H,,,%eHT 

Tennoo6MeHa n0 AJtHHe KaHaJIa. &Ha CTeHKa KaHaJla Har&?eLWTaCb, a lIpOTHBOnO~O~HaK H 6OKOBbJe 

CTeHKU 61.~nrr ~a6aTHrecKHMH.kl3MepeHarnOKanbHbleKO~~HUHeHTbITennoo6MeHaHaHarpeBaeMba 
YKaCTKaX KaHa.Ka IIpH LIBHxeHHB KHnlIIUerO MeTaHOJIa H n-6y’rariona IlpH aTMOC&,HOM ,QaBJIeHHH. 

Kanan OpHeHMpOBaJICK BepTHKUbHO H rOpH30HTaJlbH0, 06OlJleB lTpOH3BO~CK CBepXy, C60K,’ H 
CHU3y.Ha6nfOneHHn nOKa3S'tH,~TO B B~THKUbHOMnOJlOXCeHHH npeobnanaror BHXpeBble H KO,lb,&?BbIe 

Te~eHHn,aBropH30~TanbHblx-nonHoBbIenKonb~eeBhle pexats~br TevenannogTanoeceiinn~esaeana. 

BH3yaJIbHbJe Ha6JIIOneHHI TaKXellOKZU~H,‘fTOHH B OAHOM H3 3THXpeXCHMOB He OTMeWJIOCbny3bIpb- 

KOBOe KHneHHe.nPH3TOMH3MePeHHbIe KO~HUHeHTMTeMOO6MeHa lIpH ILBHlI(eHHHKHnRL,mX,KI(HLU(OC- 
TefiB rOpH30HTaJtbHbIXH BepTHKaJlbHbIXKaHaJlaX~KOJXHOrO W TOrOmeTennOHocarenKHO~HartOB~ 

pe;itahlaxre~eawn,aTaKmenpHcpe~HxH~bICoK~~ene~nxo6~beMHoronap~onep~a~noTnH~an~cb 

He3Ha'IHTeJlbHO. DAHaKO,npH HeKOTOpbIX OpHeHTaIIHKX Ha6monanoCb,sTO YaCTW'iHOe BbICbIXaHHe Ha,-- 

peBaeMOfi CTeHKH KaHUIa HHOr!Ja npHBOLWI0 K YMeHbmeHHlO KO%$&iUlieHTa TetTKOO6MeHa. B pa6oTe 
TaKHCenpHBO~TCKMeTO!Jo606IUeHHn JlaHHbIXnOTeMOO6MeHynpHMeHO'IHOMKHneHHHEiKOJIbIJeBOM 

pemcmdeTeveHHnn nonepeqeo ope6pe~mdxKamu1ax. 


