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Abstract- An experimental study on the heat-transfer characteristics of a bubble-driven water jet impinging 
on an ice surface was conducted. Two Lucite columns, one 1.829 m high and 0.286 m in diameter, and 
the other 1.219m high and 0.14Om in diameter were used. Water levels were maintained at 0.762 and 
1.524m in the large column and 0*840m in the small column. Hypodermic needles with openings 0.152, 
0406 and OG338 mm were used in bubble formation covering a volumetric air Bow rate from 7.39 x 10m8 
to 991 x 10-7m3/s. To simulate winter en~ronmenta1 conditions in Northern America, the water 
temperature at the column bottom was the~ostati~lly maintained at its temperature of maximum density, 
i.e. about 4°C. Cylindrical blocks of ice having diameters slightly less than those of the columns were 
supported at the column top while maintaining a proper immersion of the melting surface in the water 
level. The experimental results can be well represented by 

Nu = 630(d,)0’4(Re,)0’3g1 (1) 

for 8 < Re,, < 103. The Nu is defined in terms of heat-transfer coefficient over the sample cross sectional 
area, the sample diameter, and thermal conductivity of water, and Re, is defined in terms of the air flow 
characteristics at the nozzle exit. The effect of both water levels and column diameter were found to be 
absent in the correlation. 

Using a Reynolds number based on the bubble-indu~d water jet flow characteristics, the experimental 
results were compared with the limited results reported on heat transfer between a round air jet and a 
plane surface held normal to the jet flow (modified to apply to water flow). The least-square analysis 
expression, 

Nu = 0.00010(D,)-“2(Re,)1‘311 (2) 

indicating the absences of both nozzle diameter-and height of water level, was found to represent the data 
extremely well. The above expression under- and overestimates Nu for lower and higher Re, values than 
those predicted from the expression representing pure water jet Nu = 1~94(Re,)~55. However, in view of 
the numerous assumptions and wide differences in experimental parameters, the agreement is still 

considered to be remarkably good. 

NOMENCLATURE 

sample cross-sectional area; 
rate of spread of velocity profile; 

heat capacity; 
column diameter; 
diameter of area of impingement; 
sample diameter or diameter of heat-transfer 

area; 
equivalent bubble diameter; 
nozzle diameter; 
bubble frequency; 
force per unit height imposed in the liquid; 
average heat-transfer coefficient over the 
heat-transfer surface; 
average heat-tr~sfer coefficient based on the 
area corresponding to the area of impinge- 
ment; 
thermal conductivity; 
water depth, axial distance from nozzle tip to 
sample surface; 
latent heat of fusion; 
defined as L +P~atm/~w; 

- 
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Nui, 
k,, 
P am, 
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q(e), 
R, 
r, 
Re,, 
Rei, 
Re,, 
16 
% 
T, 
A?: 
AT,, 

sample weight at the completion of experi- 
ment; 
Nusselt number defined as hDJklk,; 
Nusselt number defined as hiDilk*; 
Nusselt number defined as hd,lk,; 
atmospheric pressure; 
heat exchange associated with melting; 
sensible heat change of the remaining sample; 
heat flux; 
column radius, Rotameter setting; 
coordinate in radial direction; 
Reynolds number defined as D, vc,tv,; 
Reynolds number defined as Di vJv,; 
Reynolds number defined as de u&~; 
bulk water temperature; 
freezing temperature; 
initial ice temperature; 
defined as z-- Tf ; 
temperature differences near the melting sur- 
face at the start and completion of the 
experiment; 
volumetric flow rate; 
air velocity at nozzle exit; 
mean bubble stream velocity; 
vertical centerline water velocity; 
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E‘n., verticat water velocity; 

@, weight of ice melted; 

Y, coordinate in vertical direction. 

Greek symbols 

Y%+? specific weight ; 

it& viscosity; 
V, kinematic viscosity; 

n, constant; 

f% density; 

0, time; 
0 P’ freezing period. 

Subscripts 

a, air; 

b, bubble, bottom; 

c, center; 

j_; freezing; 

1, ice, impingement; 

n, nozzle; 

0, origin; 

s, sensible; 

t, top; 
w. water. 
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WINTER,with its freezing temperatures, has posed many 
problems in cold regions for navigation, and mainten- 
ance of structures located in water. During long, cold 
winters many lakes, harbors, ports, and rivers become 
covered with ice which greatly shortens the navigation 
period and thus affects the economic situation in these 
areas. In attempting to solve this problem, air-bubbler 
devices have been developed which operate on the prin- 
ciple that subsurface warm water can be brought to the 
surface by a stream of air bubbles rising through the 
otherwise quiescent bodies of water. The first air bub- 
bler system was installed in 1917 at the Keokuk Dam 
[l], and since that time a number of similar usages have 
been reported [2], and a general discussion on the use 
of air bubblers as ice control devices can be found in a 
monograph by Michei [3]. 

In the natural environment, the necessary condition 
for a successful operation of an air-bubbler system is 
the presence of the heat reservoir of the water body 
itself, which must be at least equal to or greater than 
the net heat loss at the water surface resulting from a 
combination of exchange processes, i.e. evaporation, 
condensation, net short and long wave radiaiive, and 
convective heat transfer. This condition for the entire 
freezing period can be expressed as 

s 

t 

s 

4 
c, P&‘-- T,)dy = s(0) do (3) 

0 0 

in which L is water depth above the air source in the 
y-direction, c,, p,,, and T are the heat capacity, density 
and temperature of water, T, is the freezing tem~rature 
of water which is usually at O”C, s(Q) is the surface heat 
flux as a function of time 8, and 0, is the freezing period. 

It is fortunate that fresh water has its maximum 

density at about 4”C, since this governs the overturning 
process and circulation pattern during the cooling 
period in late fall and early winter. As a result, this 
warmer and heavier water will reside near the bottom 
of the water body. Because of this density stratification, 
conductive heat transfer will dominate the process 
which is far less effective than the convective process. 
In introducing air bubbles at the bottom of the water 
body, extensive water mixing is produced, and the 
bubbles carry upward a certain amount of warmer 
water to the surface, to counterbalance the heat loss to 
the atmosphere. 

Many studies have been reported using fluid jets to 
enhance heat and mass-transfer rates [4-81. Most of 
these studies were with single and multiple air jets 
emerging from slots, holes and nozzles parallel to or 
impinging no~al~y to the heat-tr~sfer surface. The 
results are usually expressed in terms of a Nusselt 
number as functions of a nozzle to plate distance, and 
Reynolds number based on primarily the slot, hole or 
nozzle diameter. Sitharamayya and Raju [9] reported 
the only experimental measurements of heat-transfer 
characteristics between a submerged water jet and a 
normal plate. The average heat-transfer coefficient was 
found to be inde~ndent of nozzle to plate distance for 
L/d,, < 7 (d, is the nozzle diameter). 

Little work has been reported regarding the hydro- 
dynamics of the bubble-induced water jet. Based on 
laboratory experiments using a water tank 2.438m 
square and 1.829 m deep, and some elementary analy 
ticalconsiderations,Baines and Hamilton [lo] reported 
that the water flow characteristics of the bubble-driven 
jet pattern consists of a vertical jet rising from the air 
source and a thin, horizontal, radially-spreading jet 
along the surface. The momentum of the vertical jet 
increases with height from the source. They also 
reported that the flow pattern is independent of the 
size of nozzle openings in the range of 0.508mm or 
larger, but is a function of the air discharge rate. The 
ratio of water entrainment to air discharge rate was 
found to increase with depth and decrease with in- 
creasing air discharge. In a recent study, using columns 
0.9 14 m in height and 5064 mm, 76.2 mm and 0.145 m 
in diameter, Crabtree and Bridgwater [ll] examined 
analytically and experimentally the liquid motion in- 
duced by a chain of rising bubbles through a viscous 
liquid. The velocity profile and extra pressure drop 
induced in the liquid by gas bubbling from an opening 
at the center of the column base were found to be in 
excellent agreement with a model of the flow which 
supposes the gas to be equivalent to an upward vertical 
line of forces along the axis of the cylinder. The most 
comprehensive work on the analysis of the flow induced 
by air-bubblesystems was reported by Kobus [12]. The 
analytical treatment considering the momentum-flux 
increase, due to the buoyancy of the air together with 
experimental information about the spread of the 
velocity profiles and the mean rising speed of the air 
bubble stream, leads to a complete description of the 
flow field. 

To the best of the author’s knowledge, no prior 
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laboratory work has been done regarding the heat- Step-like notches 6~35mm deep were cut into the top 
transfer characteristics of a bubble-driven jet impinging of the column to support the ice and maintain it at a 
on an ice surface. This work is also considered to be proper immersion level during the experiment. Two 
useful in destratification of lakes and artificial water drain holes 12.7mm in diameter were located at the 
reservoirs in control and upgrading of our water desired water level to provide for overflow resulting 
resources. The present study investigated the problem from the melting. The water circulation in the column 
experimentally. The effect of column height, diameter, purely resulted from bubble motion. The whole column 
and air bubbling rate on the rate of heat transfer were was insulated to minimize the effect of room tempera- 
determined. ture variation. 

Lucite 
cylinder 

Needle ” 
Temperoture 

I ecorder 

Thermocouples 

Thermonitor 

FIG. 1. Schematic of the experimental set-up. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Figure 1 shows the schematic diagram of the experi- 
mental set-up consisting essentially of a flowmeter, a 
heating device and a water column. Building air was 
first filtered through a Lucite cylinder filled with glass- 
wool, and then passed through a pressure regulator set 
at 344 x 104N/m2. A dial thermometer is also attached 
at the entrance of the gowmeter. From the flowmeter, 
the air is directed through a copper tube to a check 
valve rated at 1.375 x 104N/m2 before being expelled 
at the nozzle. The nozzle is a Luer-lok hypodermic 
needle attached to a connector which is welded onto 
the end of a copper tube. The nozzle is inserted through 
the center of the bottom Lucite plate with the tip of the 
needle about 0.152m above the plate. Two Lucite 
columns were used, one 1.829m high and 0.286m in 
diameter and the other 1.219m high and 0.14Om in 
diameter. A Cole-Parmer thermistor temperature con- 
troller was used to maintain the water temperature at 
4°C in the area where the bubbles formed. For the small 
column a 310 W Hotwatt cartridge heating unit and a 
thermistor probe were immersed horizontally in the 
water column just below the nozzle tip. For the large 
column, three 450 W heating units and a thermistor 
were positioned vertically through the bottom plate 
projecting into the column. Eighteen thermocouples 
were installed at various heights, extending various dis- 
tances inward from the column wall to measure the 
water temperature distribution within the column. 

Test specimens 
The test specimens were cylindrical ice blocks ranging 

from 0,102 to 0.165 m high and 0.254 to 0*267m in 
diameter for the large column; and 0.130m high and 
0.114m in diameter for the small column. These 
samples were made from distilled water which had been 
frozen in an open Lucite cylinder with a copper bottom. 
Tee-type Lucite supporting devices were partially im- 
mersed in the center of the containers during the 
freezing period and were used in transporting the ice 
blocks and supporting them at the top of the column 
during the experiments. The ice was frozen from base 
upwards by using cold plates with glycol at - 51°C as 
the circulating medium. Ice was formed in this manner 
to reduce the amount of air bubble entrainment in the 
ice specimens. When completely frozen, the sample 
making device was placed in a warm room in an 
inverted position until the sample slid out from the 
container. The ice sample was then placed in a cold- 
room maintained at - 10°C to condition it to the same 
initial temperature before the initiation of an experi- 
ment. Copper-constantan thermocouples were used to 
measure the temperature of the ice sample during each 
experiment. They were imbedded into holes drilled in 
the samples and frozen into place, one on top and the 
others along the sides. The first was located at 38.1 mm 
from the melting surface (bottom). The second and third 
were at 63.5 and 88.9 mm high initially. 

Prior to any experiment, the column water level was 
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restored by pouring an appropriate amount of ice cubes 
in the column. At the same time, the air flow rate was 
fixed to a specific Rotameter setting. The ex~rimental 
preparation was carried out until all the ice cubes 
melted. Then the ice sample, with its dimensions and 
weight recorded, was lowered into the column and 
adjusted to about 6.35mm immersion of the sample 
bottom below the water level. The time of the initiation 
of the experiment was recorded. 

3ubble~eq~e~c~~ and aelocity 
Bubble frequency and velocity were dete~ined by 

filming the rising bubbles at various flow rates. A 
l@O x 100mm grid was placed at the rear of the 
column. A tensor lamp was projected on the grid and a 
flood lamp was placed at the top of the column to 
provide adequate lighting. A Kodak-Cine-1600 camera 
placed on a tripod was used to film the bubbles. The 
shutter was set at l/2 open, the lens opening was set at 
f/2.8, and the film speed was at 64 frames/s. The film 
used was Eastman Plus-X Negative. 

ANALYSIS OF EXPERIMENTAL RESULTS 

Three nozzle sizes, i.e. 0.152, 0.406 and 0.838 mm in 
diameter (d,) were used in this study. The air flow rates 
covered the range from 7.39 x lo-* to 9.91 x low7 m3/s. 
During theexperiments, the water temperature through- 
out the column was found to be almost uniform at 4°C 
with a decrease of a fraction of a degree from the center 
toward the wall. The coldroom was maintained at 
0+0*2”C. It was frequently observed that the rising air 
bubbles struck the ice surface at the central portion of 
the ice cylindrical block and moved radially toward the 
periphery. It is also important to note that frequently a 
large bubble formed and covered a great portion of the 
melting surface, thus retarding the heat transfer. This 
was because the bottom ice surface became slightly 
concave due to faster melting in the center impinging 
region. The remedy WEiS to tip the ice sample a little at 
regular intervals to facilitate the removal of these large 
bubbles. 

Table 1 summarizes the least square analysis on 
bubble frequency and velocity. There were slight varia- 
tions in bubble velocity (u& in general 4 increases with 
the decrease of d,. For the same large column, v,, shows 

slight increase with the decrease of the height of the 
water column (L). The bubble frequency (,fb) was found 
to increase with the decrease of d,, and can be satis- 
factorily related to the Rotameter setting R by an 
exponential function. For the same value of d,, in 
general, the values off, are higher in the large column 
than in the small column. The bubble size is more or 
less uniform for a given d, and a given volumetric air 
flow rate (V,). However, the bubbles are not spherical in 
shape. The equivalent bubble diameter (dJ can be com- 
puted from dh = (6&/h z)‘:~. 

The small column experiments were conducted for a 
duration of one hour to eliminate or reduce the extent 
of an uneven melting surface due to excessive melting 
in the jet impinging region. For the large column, a 
period of 14 h or longer was usually used. To insure that 
the experimental data were representative of steady 
state conditions, a series of experiments were conducted 
for a specific air flow rate under various durations. The 
weight loss of the ice sample (or the extent of melting) 
was found to vary linearly with the experimental 
duration. 

The heat-transfer coefficient between the melting ice 
and the bubbling water was evaluated in the following 
manner: The ice sample was weighed before and after 
the completion of the experiment, and the weight loss 
was used to determine the total heat used to melt the 

ice. The temperature change ofthe rem~ning ice sample 
was also recorded at various distances from the melting 
surface during the experiment. 

The temperature change was a result of the combined 
effects of heat conducted through the melting surface, 
and radiation exchange and natural convection between 
the ice sample and the surroundings. The later effects 
were determined by sus~n~ng the ice sample in the 
column but not in contact with the water, and recording 
the temperature rise of the ice for a given experimental 
duration. 

To compute the total upward heat transfer, the 
enthalpy change of the remaining ice sample and the 
amount of heat associated with phase changes were 
evaluated. The net enthalpy change can be approxi- 
mated by 

Qs = ~c~(A~-A~~) (4) 

Table 1. Variation of bubble frequency, velocity as a function of column height, diameter, and nozzle 
opening 

Column Column Nozzle 
height L diameter D opening d, 

(m) (m) (mm) 

Bubble frequency fb 
(bubbles/s) 

Bubble velocity u,, 
(m/s) 

0.840 

1.524 

0.762 

-. ____I--. 
0.838 29604 (0.0136R) exp @3157+0_00027R 

0.140 0406 11.1455 (0.0136R) exp 0.3520+0.~12R 
O-1.52 25942 exp (0.0101 R) 0.4121-OGOO34R 

0.838 3.6946 (0.0144R) exp 0~3573+0@043R 
0.286 0406 7.6411 (0.0138R) exp 0~3570+0QCOO3R 

0.152 33.2515 (OGO37RI exp 0.4066 - OTIO030R 

0.838 35825 (O.OlSOR) exp 0.3652 +OGOO46R 
0.286 0.406 8.4201 (O.Oi23R) exp 04018 -0QOOO9R 

0.152 36.4391 (OGO24R) exp 0.428 1 - OGOO34R 
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where MS is the weight of the ice sample at the com- 
pletion of the experiment, ci is the heat capacity of ice, 
AT, is defined as (AT~~A~)~ where AT, and A?; are 
the differences between the initial and final ice tempera- 
tures near the bottom melting and top ice surface, 
respectively. A7& is the temperature rise of the ice 
sample resulting from the combined effects of natural 
convection and thermal radiation. The heat exchange 
associated with the melted ice is 

Q,= &[L~+(T~-~,kJ (5) 

where q is the weight of ice melted, Li is the latent heat 
of fusion, and 7 is the initial ice temperature. With Q, 
and Q,,, determined, an average heat-transfer coefficient 
based on the sample cross-sectional area can be 
cornouted : 

/, =Qs+Qm 
s 

AATB 

where A is the cross sectional area of the ice sample. 
AT is thedifference between the bulk water temperature 
and the melting point of ice and B is the duration of 
the experiment. 

Due to the lack of information on flow characteristics 
of the bubble-driven water jet, d. and the air velocity 
II, at the nozzle exit was used to define a Rayleigh 
number Re,, ( = d,, z&of, where v, is the kinematic velo- 
city of air evaluated at 4°C. Similarly, a Nusselt number 
also based on d,, was defined, i.e. Nu, = ~~~k~, where 
k, is the thermal conductivity of water at 4°C. Table 2 
summarizes the experimental parameters covered in 
this study. The results from the small column with ice 

Table 2. Variation of experimental parameters 

COIUWI Sample Nozzle Ratio Ratio 
height L diameter 0, opening d. of of 

(m) (m) (mm) Wk W& 

0.838 1000 133 
0.840 0.110 0406 2063 273 

0.152 5500 729 

0.838 1818 310 
I*524 0-280 0.406 3750 641 

0.152 10000 1708 

0.838 909 310 
0.762 @260 0406 1875 641 

0.152 5000 1708 

sample diameter D, = 0.110 m, and nozzle to ice surface 
distance L = 0%40 m are shown in Fig. 2. The experi- 
mental value lies fairly well along a straight line on a 
log-log plot for each d,. A cross plot of the results shows 
that for a given Re,,, the Nun variation with d, is as a 
power function Nq,a(d,) 1’4. The results for a large 
column with 0, = 0.260 m, and L = l-524 are shown in 
Fig. 3. As demonstrated in Fig. 2, the data also can be 
fairly represented by straight lines on a log-log plot. 
Quite a few experiments were also carried out for L = 
0.762 m for d,, = 0.152 and 0406 m. There seems to be a 
trend showing a higher Nu, value for a given Re,, but 
it is felt that there is no sufficient data to warrant a 

Re, 

FE. 2. Relationship between Nu, and Re. for d. = 0.152, 
0.406 and 0.838 mm (I& = 0.110 m, L = 0,840 m). 

i 
0,762 1’) 

0, .0~26om i 

FIG. 3. Relationship between Nu,, and Re, for d. = 0,152, 
0406 and (3838 mm (L), = 0.240 m, L. = 0.762 and 1,524 m). 

conclusion. A cross plot of this result also gives a Nu 
dependence on d, by the relation Nu,a(d,)“4. Subse- 
quently, using Nu,,j(dn)1’4 as ordinate, all the data (64 
for D, = O+llOm, and 107 for D, = O-260 m) were plot- 
ted in Fig. 4. The least square analysis gave correlation 

0, (l-n) L(m) 
0.260 I.524 t.) 

0.762 (*) 
0.110 0.640 (X) 
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FIG. 5. Relationship between Nu,/(dn)“4(D,)-1 and Re, 

coefficients 0.976 for D, = O.llOm and 0.936 for D, = 
0.260~~ with corresponding slopes of 0.367 and 0.354 
respectively. Since the effect of L is not significantly 
demonstrated in our limited data, the effect of D, was 
subsequently evaluated by a cross plot of Fig. 4. The 
dependence of Nu,/(dn)“4 on D, was found to be 
Nun/(dn)“4ctD; ‘. All the results as shown in Fig. 5 can 
be well represented by 

Nu, = 99~89(dn)“4(D,)-i(Re,J0’391 (7) 

with a correlation coefficient of 0.947, in which d, and 
D, are in centimeters. In terms of D, and expressing D, 
and d, in meters, equation (7) can be transformed to 

Nu = 630(dn)o’4(Re,)o’391 (8) 

in which Nu = hD,/k, 

DISCUSSION 

To the best of the author’s knowledge, no work of a 
similar nature involving the hydrodynamics and the 
heat-transfer characteristics between an air-bubble 
driven jet and a surface held at normal has been 
reported. In fact, very little study has been done on the 
flow characteristics on the water jet induced by the 
rising bubble stream. In Crabtree and Bridgwater’s 
study using glycerol as the fluid and at a much slower 
bubble rise velocity in the order of 4&55 mm/s, they 
developed the following velocity function 

u = &[($)+lnc)-11. (9) 

In which G is the force per unit height imposed on the 
liquid, r is the radial distance from column axis, /J is 
the liquid viscosity, and R is the column radius. This 
experiment was compared with their experimental data 
and was found to be in excellent agreement. From 
equation (9), it can be calculated that at I = 0.45R, 
v = 0. Therefore there are two flow regions, an upward 
flow when I < 0.45R, and downward flow region when 
r > 0.45R. However, it is doubtful that this finding can 
be used to describe the flow characteristics of the 

bubble-driven jet. The work of Sitharamayya and Raju 
[9] on heat transfer between a submerged jet of water 
and a flat surface held normal to the flow was much 
closer to the conditions of the present study. They 
present their final correlation as 

(Nu,Pr-0’33) > 
0 

’ = 32.49(Re,)0’523 
n 

+0.266[(DJdj) - 8](Re,)0’828 (10) 

for Re, ranging from 2000 to 40000 and for Ljd, c 7, 
and 8 Q (DJdJ < 58 with both Nu. and Re, defined 
based on d, as in the present analysis in which D, is the 
diameter of the heat-transfer surface. Because the para- 
meter L/d. used is much smaller than the present case, 
this work can not be used for comparison (see Table 2). 

The work of Kobus [12] was conducted in an 
8 x 280 x 4.70m basin and is again only interested in 
the hydrodynamic aspect of the problem. He found the 
pattern of vertical velocity induced by an orifice dis- 
charging air into water can be presented by Gaussian 
distribution curves with a linear spread in the vertical 
except for the regions near the orifice and close to the 
free surface. The velocity distribution was expressed as 

: = cxp(2C2(Lr:yo)‘) 
(11) 

in which u, and u, are vertical and arrival or axial 
velocity, C is the rate of spread of velocity profiles. The 
expression for v, was derived as 

vc=&[~ln(l-~)-Jir (12) 

where vb is mean rising speed of air bubble stream, L* 
is the sum of L and pat,,& (y is the specific weight of 
water), L is the vertical distance above air source, and 
y. is the analytical origin resulting from an analytical 
extension of the established flow pattern into and 
beyond the limits of the initial region. This origin does 
not coincide with the location of the air source because 
of themarkedly different conditions in the initial region. 
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From his experimental study, he reported that both 
spread coefficient C and v,, can be represented by 

c = C,(v,)0.15 (13) 
and 

Vb = C,(V,)O”5. (14) 

From his experimental results the values of C, and C, 
are found to be C, = 0133(m-“‘3so’15) and C, = 
l.84(m0’s5s -0.85). 

In the work reported by Gardon and Akfirat [5], the 
following correlation was given for single round air jets 
impinging centrally on circular targets of diameter D,. 

Nu = 0+78(Re,,)0’55. (15) 

Provided Re, > 4000, L/d” > 12, and 1 < Dddn < 24 in 
which Nu is defined as hD,/k, and Re, as Dsvc/v, By 
analogy with other turbulent heat transfer, it is expected 
that Nu cc Pr113. Assuming Pr = 0.7 for air and Pr = 
11.7 for water at 4”C, equation (15) can be transformed 
to apply to water flow in the form 

Nu = 1*94(Re3°‘55. (16) 
Extending Kobus’s results to a confined cylindrical 
column, the diameter at impingement is 

or 

Di = 2C(L + ~0) (17) 

Di = ~C~(L+YO)(V.)~“~ (18) 

where the value of y, as reported by Kobus is taken 
as 0.8 m, V, is the volumetric air flow rate at nozzle exit 
at atmospheric conditions. With vb evaluated from 
equation (14), the value of v, can be computed from 
equation (12). 

With the value of v, and Di thus determined and the 
given value of v, the Reynolds number describing the 
flow characteristics of the bubble-induced water jet can 
be evaluated. Corresponding Nusselt numbers based on 
Di were also computed. The log-log plot of NUi vs Rei 
is shown in Fig. 6 along with equation (16). 

It is clear that the experimental results are higher 
than those predicted from equation (16). It also shows 
clearly that the shorter the column height, the higher 
the values of NUi for the same 0,. This is from the fact 

FIG. 6. Relationship between Nui and Rq. 

that for the same air flow rate, the value of Di is lower 
for the lower water level (see equation (18)), and the 
value of Nui is inversely proportional to the first power 
of Dp In all cases, the calculated values of Di are much 
smaller than D,. The ratio of Di/D, was found to vary 
from 0.135 to O-201 at L = 0762m and from O-200 to 
@300 at L = 1*524m for the large column, and from 
0.335 to 0492 at L = 0.840m for the small column for 
volumetric discharge rate ranging from 7.39 x lo-* to 
9.91 x lo-’ m3/s. In computing the value of heat- 
transfer coefficient in Nui shown in Fig. 6, the area 
corresponding to Di and the total amount of heat 
exchange (QS+Qm) were used. Since the ratio of DJD, 
varies with both V, and D,, and represents only about 
4, and 9 per cent of the sample surface area A for the 
large column, and 25 per cent of the small column, it is 
reasonable to expect the results from the small column 
were closer to those predicted from equation (16). How- 
ever, from observations at the completion of an experi- 
ment, the melting ice surface is more or less even, 
indicating uniform melting across the sample surface 
for low to medium V,. For higher V,, the resultant 
melting surface does show a slight concave upward, 
exhibiting a faster melting rate near the jet impingement 
region. To have a better comparison with equation (16), 
one would have to evaluate the effective heat-transfer 
area more accurately, and this can only be done by 
measuring the flow field near the melting surface. 

Also the conditions given in equation (16) are not 
exactly met. In our case, the Reynolds numbers are 
ranging from 1.4 to 5.5 x lo3 with a majority of Rei less 
than 4.0 x 103. In regard to the condition 1 < DJd, < 
24, we have the range 42 < DJd, < 510. However, as it 
can be noted in Fig. 6, the value of Nui has a depen- 
dence of Rei with an exponent close to 0.55 as in 
equation (16). Furthermore, using v, to define the 
Reynolds number, the effect of d, disappeared. 

Since the topography of the melting surface was quite 
smooth and even at the completion of the experiment 
(especially for low V, values), the heat-transfer coeffi- 
cient based on the sample area was used in defining Nu, 
and D, instead of Di used in defining Re,. The results 
are shown in Fig. 7 along with equation (16). As shown 

FIG. 7. Relationship between Nu and Re,. 
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in Fig. 6, there is no effect of d, in such a correlation. 
Fur~ermore the effect of L for the same column dia- 
meter, D is insignificant. However, the effect of D, is 
clearly demonstrated. The results indicate that gener- 
ally the experimental values are lower than those 
predicted from equation (16), but with a much stronger 
dependence of Nu on Re,, therefore at higher Re, the 
experimental values are higher than those from equa- 
tion (16). 

In iight of the restriction imposed in equation (16), 
the agreement was found to be good. Since the log-log 
plot of the data for the two D, are indeed linear and 
parallel, a cross-plot showing Nu vs Re, resulting in a 
dependency of Nu oc (O,)-I”. Thus all the data can be 
correlated as 

NU = O.~lO(~*)- 1~2(Reo)1’311 

in which D, is expressed in meters. 

(19) 

CONCLUSIONS 

In all, 171 experiments were conducted using three 
nozzle sizes, i.e. 6.132, 0.406 and 0,838mm dia. Two 
Lucite columns, 0.140 and 0.286m in diameter, were 
used. In the Large column, two sets of data were taken 
for water column height at 0.762 and 1524m. On the 
other hand, only one height, 0*84Om, was used in the 
small column. All the data as shown in Fig. 5 can be 
rewritten as 

Nu = 630(d,)0’4(Re,)0’3g1 

with d, expressed in meters and a correlation coefficient 
of 0.947. It was found that for the air flow range covered 
in this study, the effect of L on heat transfer was found 
to be insignificant. 

To compare with data given for round air jets 
impinging on a plane surface held normal to the jet, a 
correlation like 

Nu = 0~00010(0~)~1’2(Re,)*‘31’ 

can be presented with a correlation coefficient of 0+983. 
In Re,, the centerfine axial water velocity was used. In 
arriving at this correlation (as shown in Fig. 7), the 
effect of d, and L were not present. However the effect 

oft>, was clearly demonstrated in Fig. 7. Due to lack 
of research in regard to the hydrodyn~~ and heat- 
transfer characteristics of a bubble-driven jet, no analy- 
tical expression can be served as a basis for comparison 
with the present experimental results. 
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CARACTERISTIQUES DU TRANSFERT THERMIQUE DUN JET D’EAU INDUIT 
PAR DES BULLES D’AIR ET FRAPPANT UNE SURFACE DE GLACE 

R&sum&-Une etude experimentale a ette effect& sur les caracteristiques du transfert de chaleur dun jet 
d’eau induit par des bulles d’air et frappant une surface de glace. Deux colonnes Lucite, l’une de 1,829m 
de haut sur 4286m de diametre et I’autre de 1,219m de haut sur 0,140m de diametre ont hC utilis~s. 
Les niveaux d’eau ont ettb maintenus a 0,762 et 1,524m dam la grande colorme et 0,840m dans la petite 
colonne. Des aiguilles hypodermiques d’ouverture 0,152; 0,406 et 0,838mm ont 6ti utilisees pour la 
formationdes b&es permettant d’obtenir des debits voiumiques d’air aflant de 7,39.10-* B 9,91. lo-’ m3/s. 
Afin de simuler Ies conditions de ~environnement hivernal en Amkique du Nord, la temperature de 
I’eau au fond de la colonne a et-tc maintenue par un dispositif thermostatique ii sa valeur correspondant 
a la densite maximale c’est a dire environ 4°C. Des blocs de glace cylindriques de diametre Ikggbement 
inferieur ;i celui des colonnes, Ctaient places au sommet de la colonne en maintenant une immersion 
convenable de la surface en fusion par rapport au niveau de I’eau. Les rbultats experimentaux peuvent 
bien itre represent& par 

Nu = 630(~“)“,4(~e”)o,3g* 

pour 8 < Re, c 103. Le nombre de Nusselt Ncr est defini en fonction du coefticient de transfert de chaleur 
sur une section droite type, le diametre et la conductivitc! thermique de l’eau, et le nombre de Reynolds 
Re, est dtfini en fonction des ~ract~ristiqu~ de ~~coul~ent d’air B ~embouchu~. Les efIets de la hauteur 
des niveaux d’eau et du diametre de la colonne ont ett trouvb absents dam la correlation. 
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Utilisant un nombre de Reynolds base sur les cara&&is&ues de l’~ulexnent du jet d’eau induit par 
Ies b&es d’air, Ies r&suit&s exp&imentaux ont &t& cornpareS aux ret&tats 1imite.s don&s sur le transfert 
de chaleur entre un jet d’air circulaire et une surface plane ~ntenue no~alement it ~~oulement 
(modifies afin de s’appliquer a un &couIement d’eau). L’expression obtenue par optimisation au sens des 
moindres car&s, 

Nu = 0,~10(0,)-1~Z(Re.)‘~31’ 
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qui indique I’absence du diametre de I’embouchure et la hauteur du niveau d’eau, s’est avbee rep&enter 
extrsmement bien les don&s. L’expression ci-dessus sous-estime et sur-estime le nombre de Nusselt Nu 
pour des valeurs de Re, inferieures et superieures a celles prevues par la relation pour un jet d’eau pure 
Nu = 1,94(Re.)0*s5. Cependant considerant les nombreuses hypotheses et les grandes variations dans les 

parametres experimentaux, l’accord est encore consider& comme remarquablement bon. 

WARMEUBERGANG EINES DURCH BLASEN INDUZIERTEN 
WASSERSTRAHLS BEIM AUFTREFFEN AUF EINE EISOBERFLACHE 

Zusammenfassung-Es wurde experimentell der Warmedbergang eines durch Blasen erzeugten Wasser- 
strahls beim Auftreffen auf eine Eisfliiche untersucht. Zwei senkrecht aufgestellte Plexiglasrohre, das eine 
mit 1,829m Hiihe und 0,286m lichtem Durchmesser, das andere mit 1,219m Hiihe und 0,140m 
lichtem Durchmesser, wurden untersucht. Der Wasserspiegel wurde auf knostanter Hiihe bei 0,762m 
im gro8en Rohr und bei 0,840m im kleinen Rohr gehahen. Zur Erzeugung der B&en wurden 
Injektionskan~Ien mit &fnungen von 0,152, 0,406 und 0,838mm benutzt; damit erhiilt man einen 
Volumenstrom der tuft zwischen 7,39 x 10-s und 9,91 x lo-‘m3/s. Urn nordamerikanische Winter- 
Umgebungsbedingungen zu simulieren, wurde die Wassertemperatur am Rohrboden mit einem 
Thermostaten auf der Temperatur maximaler Dichte, in diesem Fall etwa 4°C gehalten. Zylindrische 
Eisblocke, deren Durchmesser etwas kleiner als die der Rohre waren, wurden oben in das Rohr gegeben, 
wobei eine geeignete Eintauchtiefe der zerschmelzenden Oberfliiche im Wasserbeibehalten wurde. Die 
experimentellen Ergebnisse kiinnen gut wiedergegeben werden mit 

Nu = 630(d,)0,4. (Re,J0*39’ 

wohei 8 c Re, < lo3 ist. Die Nusselt-Zahi ist definiert mit dem W~~e~~rgangsk~~ienten fiber die 
Querschnittsfl~che der Probe, mit dem Probendurchmesser und der W~~eleitf~higkeit des Wassers. Die 
Re-Zahl ist definiert mit den Daten des Luftstroms am Diisenaustritt. Ein Einflut3 der Hijhe des 
Wasserspiegels und des Rohrdurchmessers konnte nicht festgestellt werden. Es wurde eine Re-Zahl 
mit der Charakteristik des durch Blasen induzierten Wasserstrahls definiert und die experimentellen 
Ergebnisse verglichen mit den im begrenzten Umfang zur Verfiigung stehenden Ergebnissen des 
Wirmeiibergangs zwischen einem runden Luftstrahl und einer ebenen Oberflache, die senkrecht zu diesem 
Strahl gehalten wird (in modifizierter Form auf einen Wasserstrahl anzuwenden). Der Ausdruck mit 
dem kieinsten Fehlerquadrat 

Nu = 0,00010(D~)-‘*2(Re,)‘~3’1 

ip den der Ddsendurchmesser und die Hohe des Wasserspiegels nicht eingehen, ergab eine sehr gute 
Ubereinstimmung mit den gemessenen Daten. Mit dieser Beziehung bestimmt man zu kleine und zu 
grolJe Werte der Nu-Zahl fur niedrige und hiihere Re-Zahlen gegeniiber denen, die man mit der Beziehung 
Nu = 1,94.(Re,)0~s5 fur einen reinen Wasserstrahl berechnet. In Anbetracht der zahlreichen Vernach- 
hissigungen und der starken Unterschiede der experimentellen Parameter ist die Ubereinstimmung noch 

als bemerkenswert gut zu bezeichnen. 

XAPAKT~P~~~K~ TE~~O~EPEHOCA ~H~Y~~POBAHHOrO ~Y3btPbKAM~ 
OT CTPYM BOAbI, l-lA,4AK)IREti HA DOBEPXHOCTb JlbfiA 

AHHOT~UHR - UpOBOAHAOCb 3KcnepHMeHTaJlbHoe HccnenoBaHHe XapaKTepHCTHK Tennoo6MeHa, 
HHAyuHpOBaHHOrO ny3blpbKaMH OT CTpyH BOAbl, naAalOme8 Ha nOBepXHOCTb AbRa. kiCflOJtb30BaJtHCb 
KOAOHHbl TAna .fhOCHT, OAHa BblCOTOp 1,829 M W AHaMeTpOM 0,286 M, a ApyraB BblCOTOp 1,219 M 
w nnaMerpoM 0,140 M. Bona nonnepuoiaanacb Ha ypomie 0,762 n 1,524 M B 6onbtuoii KOnoHne w 
0,840 M B MeHbmetk &TX 06pa30BaHHa ny3btpbKOB napa HCnOJtb30BaAHCb HHbeKUWOHHble HrJtbt C 
OTB~~CTH~MH O,l52,0,406 n 0,838 MM npa 06beMtiOM pacxoAe Bo3Ayxa OT i’,39 x lo-* Ao 9,91 x lo-’ 
M’/CeK. B UenRX ~MMnTnpo~Hna 3HMHHX yCAOBHfi OKpyXCarOm& CpeAbl B CeBepHOii AMepUKe, 
TeMnepaTypa BoAbr Ha Ane KoAoHHbI TepM~Tarn~ecKn no~epx~aanacb npn TeMneparype Maxcif- 
MaAbHOff TIBOTHOCTH, T. e. OKOAO 4°C. 4K~UHApaqeCK~e 6JTOKH StbAa C AUaMeTpOM HeCKORbKO 
MeHbmHM, YeM AHaMeTp KOAOHHbf, 3arpyxCaAHCb CBepXy KOAOHHM, TeM CaMbIM nOAAepEHBaR 
c00T~e~cTBymmee not-pymeuwe ratomef nosepxtiocrn n BOAY. 3KcnepnMeHTanbHbte pesynbralbt 
MOryT 6bITb XOpOLtIO npeACTaBAeHbt 

Nu = 630(d,J”~4(Re.)“~J”L 

JIJIR 8 < Re,, < iOJ. %iCAO HyccenbTa onpez@mmocb 9epe3 X03&$HUWeHT TetTAOnepeHOCa Ha nAOmaAH 
nonepe~aoro FeYeHWR o6pa3ua; AaaMe-rp ofipasua H TennOnpOBoprHOCTb aOAbt B Re,, OnpCAeAaJtHCb 
‘Iepe3 xapzutTepHCTHK&i nOTOKa BO3AyXa Ha BXOAe B COnAO. UpW 0~6meHaH AaHHblX HatiAeHO, ‘iT0 
OTCyTCTByeT BJtHaHAe KBK ypOBH& BOAU, 78K H nnaMeTpa. c nOMOmbI0 gncna PefiHoJtbnca AJtR 
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rH~pOJViHaMH'ieCKliX XapaKTepllCTHK HHnyu&ipOBaHHOii nY3blpbKaMH CTpyH BOflbI npOBOJ,HnOCb 

CpaBHeHlle3KCnepkfMeHTaJlbHblX~3yJIbTaTOB C OTpaHWIeHHblMUAaHHbIMH n0 TenSIOO6MeHy MeWIy 

KpjWIOfiCTpyefi BO3A)‘Xa II I’IJIOCKOti nOBepXHOCTbK&nepneHAHKyJISIpHOk K OOTOKY CTpYH(MOLWj.lH- 

IIHpOBaHHbIe~JI~nOTOKaBO,.,bI). 

BbIpaXCeHHe, nOJIy'ieHHOe MeTOnOM HLSiMeHbUlHX KBanpaTOB 

Nu= 0,00010(0,)-'~2(Re,)'~3'1 

npu0~Cy~cTeua B~HIIH~ KaKnuaMeTpa conna,TaK wBbIcoTbrypoB~aBo~bI,noKa3bIBae~ ~CKJHOYH- 

TeJIbHO XOpOIIIee COl2laCOBaHHe RaHHbIX. BbILIIeyKa3aHHOe BbIpaxeHHe HaeT 3aBbIIIIeHHbIe H 3IwW- 

XCeHHbIe 3Ha'feHHII WfCJIa HyCCenbTa .QJIX MeHbIIIEiX A 6onbuIHx 3Ha'ieHHfi &, II0 CpaBHeHWO CO 

3HaYeHARMH, nOQ“ieHHbIMii A3 BbIpa2KeHWl AJIlI 'IHCTOfi CTpYH BOAbI N~=1,94(Re,J~*~". OAHPKO, 

J’¶HTbIBafl MHOI-OYUCJIeHHbIe ~OlIyIl&?HEi~ H 6onbmee pa3JIHWiS B 3KClIepHMeIiTaJIbHbIX IIapaMeTpaX, 

COl-JIaCOBaHWe AaHHbIX IIO-IIpfZKHtZMy MOlKeT CWiTaTbCR WCKJIIiYiEfT’3lbHO XOPOIIIHM. 


