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POINT SOURCE BUBBLER SYSTEMS

TO SUPPRESS ICE

George D. Ashton

INTRODUCTION

The use of air bubbler systems to suppress ice
formation by inducing a flow of water against the
underside of an ice cover is a commonly used tech-
nique. The analysis of line source bubblers for such
purposes has recently (Ashton 1974, 1978) progressed
to the extent that it is possible to simulate and pre-
dict the performance of these bubblers, and that anal-
ysis has been validated against field and laboratory
data (Ashton 1975, 1978). This report presents a
parallel analysis for point source bubbler systems, i.e.,
the suppression of ice that results from a single-point
discharge of air bubbles. The installations of such
systems would be useful, for example, in the protec-
tion of individual piles of a multipile dock installation.

OUTLINE OF ANALYSIS

This study begins with an analysis of the plume
induced by the rising stream of bubbles emanating
from an orifice submerged in the water and uses the
results of Kobus (1968). It next determines the heat
transfer coefficient using the plume parameters at the
point of impingement of the plume on the underside
of the ice cover by analogy with empirical results of
Gardon and Akfirat (1966) for impinging axisym-
metric air jets, It thus determines ice melting and
thermal depletion by use of a simplified energy bud-
get calculation. Finally, it applies the resulting
analysis to the practical case of varying winter temper-
atures by a quasi-steady stepwise solution utilizing
daily temperatures. An example simulation is pre-
sented. The FORTRAN computer program for the
simulation is given in the Appendix.

PLUME ANALYSIS

The air discharge rate Qg (m? s™') from an orifice
of diameter d (m) is

Pa

where C is a discharge coefficient (on the order of
0.6, see e.g., Rouse 1946), Ap is the pressure dif-
ference across the orifice, and P, is the air density
inside the bubbler line, Typical orifice diameters

used in existing installations are on the order of 1 mm.
The pressure difference Ap is

&0 = Pirside~P w9t (2)

where P ... is the pressure inside the supply line,
p,,gH is the hydrostatic pressure at the submergence
depth H in water of density p,,, and g is the gravita-
tional constant,

Using the results of Kobus (1968), the centerline
water velocity U, (x) (m s™ )at distance x above the
orifice is given by

U, (x) = 1 P..m Qo log, [1-(x/H*)]| |
- ¢ (x+xp) o, Uy (3)

where c is the rate of linear spread of the plume, x,
is an empirical coordinate correction to account for
various near-orifice effects, P, is the atmospheric
pressure, H* = H+P_  [p. ¢ (for sea level conditions
H* = H+10.3 m), and U, is the mean rising speed of
the bubbles. These are further illustrated in Figure 1.
Both Uy, and ¢ were found by Kobus (1968) to be
weak functions of Qg and a fit of these data yields

e=CoQp " (4)

where C_ = 0,152 m™P4% ®'5 and C, = 1.83 m®-**$

s The plume analysis of Kobus used a Gaussian

distribution of vertical water velocity of the form

Uiy r) - exp -+ (6)
U, (x) 22 [x+xﬂ}1

where r is the radial coordinate from the plume
centerline. The total volume flux @ (x) is then
given by
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Figure 1. Definition sketch. Figure 2. Centerline velocity of plume as a function of
orifice discharge and submergence depth of orifice.
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Figure 3. Induced flow of water at impingement as a function
of air discharge rate and submergence depth of orifice.
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Figure 4. Dfameter of impinging plume as a function of
air discharge rate and submergence depth of orifice.

Qy (x) =21 U_ (x) c* (x+xp)>. (7)

Appropriate substitution for ¢ and U, into egs 3
and 7 then yields, respectively,

[—Pﬂm log, [1-(x/H*) T*ﬁ
“pw Cb {8}

0001?5

U (x) =
C. (x+xy)

and
Q. (¥) = 2C, (x+xq) Qp2> 73

Pw Cb

Defining Uy = U, (x) and Q,y =Q,, (x) atx=H
yields

UEH

Q"5 [Py log, [1-(H/H*)] 0%
CE (H*Xu] O W Ch “ﬂ}

Quy = 2C, (H+xg) Qp%°7°

P, mlog, [I—[H!H*]]]“-S
Py Ch

(11)

and the width b atx = H is

b= (H+xg) C, Q™"5. (12)

In Figures 2, 3, and 4 are shown, respectively, the
values of U_y, Q,, i, and b as functions of air dis-
charge rate Q4 and submergence depth H.

HEAT TRANSFER ANALYSIS

The heat transfer analysis consists of determining
the temperature of the plume impinging on the
underside of the ice cover, estimating the heat trans-
fer coefficient at the underside of the cover, perform-
ing a simplified analysis of the thickening (or thinning)
of the cover, and depleting the thermal reserve as a
consequence of the heat transfer to the cover.

Temperature of impinging plume

Since the water bodies in which bubbler systems
are installed are seldom isothermal, it is necessary
to evaluate the entrainment of water at different
levels above the point of air discharge to arrive at the
‘mixed’ temperature at impingement. That is, the
impingement temperature T ., referenced to the
freezing point 7, is given by

" =1 H v delx}
o T g {1 Bt 1) 0 o
(13)




where d Q,, (x)/dx is the entrainment rate and 7, (x)
is the water temperature as a function of x above the
air discharge point. For a vertically uniform ambient
water temperature T, o, the impingement tempera-
ture Ty = Tyya- Other temperature profiles may
easily be integrated using eq 13 to arrive at 7, 4.

Heat transfer coefficient
Gardon and Akfirat (1966) found the heat trans-

fer coefficient associated with an axisymmetric im-
pinging air jet (in air) to be correlated by

Nu,, = 0.78 Re 53 (14)

where the Nusselt number averaged over an area of
diameter 2 r is defined by

(15)

and h,, is the average heat transfer coefficient and &
is the thermal conductivity of the air. The associated
Reynolds number is defined by

(16)

where U_ is the axial velocity of the air jet and p and
u are the density and viscosity of air.

By analogy with other heat transfer results (see,
e.g., Rohsenow and Choi 1961), we may convert eq
14 to a more general relationship by introducing the
Prandtl number dependence in the form

Nu o pr'l3 (17)
where Prandtl number Pr is defined by

Hcp

Pre_tX
R

(18)

and Cp is the specific heat of the fluid. Assuming Pr
= 0.7 for air and Pr = 13.6 for water at 0°C enables eq
14 to be transformed to apply to water flow in the
form

Nu,, = 2.08 Re,, %53 (19)

where the Reynolds number is now that for water;
that is, Re,, = U_y by p,, /1.

The heat transfer coefficient at r = & will be used
as a reference value with which to normalize the
radial variation of h. Thus

055 ,-045
KL, 955y

hy, = 2.08. 5 (20)
v
where v = u/p and
h(r) = hy (r1b)™%% (21)

for r > b. For r <b, we simply fit a parabola to

eq 21 such that dh{r)/dr = 0 at r = 0 and has the
same slope and magnitude as eq 21 atr = b. Hence,
forr<b

h(r) = hy [1.225-0.225 (r/b)?]. (22)

Variation of h, as a function of submergence depth
and air discharge is presented in Figure 5. The
variation of A(r) normalized by hy, is presented in
Figure 6 as a function of /b for r > b.

Melting of the ice cover
The actual melting of the ice is governed by the
heat balance at the water/ice interface, given by:

dn;
9w = pi?«Tr' (23)

where g, is the rate of heat conduction through the

ice,qy, = AT, y~Ty) is the rate of heat transfer to

the undersurface of the ice, p; is the mass density of
the ice, A is the heat of fusion of the ice, and dn;/dt
is the rate of change of the ice thickness.

The model used for g; is one-dimensional steady-
state heat conduction, which assumes a linear vari-
ation in temperature through ice thickness (and snow
thickness) together with an estimate of the transfer
coefficient through the air boundary layer. Thus

g; = (Tm-T5) (24)

Y (mylk )+ (nglk,)

where 7 is the top surface temperature of the ice
(or snow, if present), and k; and & are the thermal
conductivity of ice and snow. In general, 7 is

not the ambient air temperature. Within the con-
text of the steady-state assumptions above, it is
reasonable to represent the heat transferred through
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Figure 5. Variation of hy, as a function of orifice discharge and
submergence depth of orifice.
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Figure 6. Variation of local heat transfer rate os a function of radial
distance from centerline of impingement.

the air boundary layer in the form

AT T,)

25
q i (25)

where 1/h, represents a thermal resistance due to the
air boundary layer. Assuming g; values in eqs 24 and
25 are equal (equivalent to a series representation of
the thermal resistances), then 7, may be eliminated
and

(Ten=T3)

= : (26)
(nyk )+ nJkJ+(1/h,)

o/

The difficulty is to obtain a reasonable estimale of
h,. Jobson (1973) examined the energy budget
terms and found that a good approximation for A,
from a water surface is of the form

h,=34+44 U, (27)
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Figure 7. Air temperature record used in simulation example.
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Figure 8. Variation of open water area for simulation

example.

where U, is the wind velocity (m s™ ) and 4, is the eq 26 with 7, = T, and the same value of h,. It
heat transfer coefficient in W m™2°C'. is recognized that a more detailed energy budget

In the following simulation example, we will approach could be used, but the detail is considered
arbitrarily take o, = 24 W m2°c?! corresponding inappropriate in view of other uncertainties in the
approximately to a windspeed of 4.5 ms™'. Although analysis and the lack of detailed input data other
h_ is derived for open water, we will assume it is also than daily maximum and minimum air temperatures
applicable to the icefair interface. Similarly, the usually available. h, =24 W m™2 °C™', incidentally,
heat loss from open water above the bubbler uses is equivalent to the thermal resistance of

approximately 0.096 m of solid ice.
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Figure 9. Ice thickness profile on 28 January
of simulation exumple.

Simulation example
Figure 7 shows a daily average air temperature

record taken from a midwestern location. It shows
the patterns of alternating very cold periods with
somewhat warmer periods which are typical of
winter periods. Figure 8 shows the results of using
that record in the present simulation as a plot of

radius of open water extent with time for the param-

eters of Q, = 0.0005 m* ™' (=1 ft* /min), T, =
0.2°C,H=5m,and h, =25 Wm™2°C™".

Figure 8 shows that the extent of open water
responds to the air temperature variation by con-
tracting during cold periods and expanding during
warmer periods. While the ice cover is predicted to
freeze over the bubbler during very cold days, the
thickness is considerably reduced from that which
would exist if the bubbler had not been present, as
shown in the simulated profile of ice thickness for
28 January of Figure 9, but the effect extends only
a few meters. The FORTRAN computer program
for the simulation is given in the Appendix.

Thermal reserve analysis

The thermal reserve available in a closed water
body is often quite limited and may prove to be
the limiting factor in the operation of a bubbler
system. In a water body of length L, width B, depth
D, and average water temperature T, the total heat
content available for melting ice is:

Qtnnl i LBDﬂwfp (Tw'rm 3 (28)

As the bubbler functions, it draws on this reserve,
lowering the average water temperature, Since the

rate of heat transfer is proportional to (7,-T ),
this decreases correspondingly the heat flux to the
ice and the rate of ice suppression. The bubbler
system may eventually reach a point where no more
ice will be melted and ice begins to re-form.

The computer program uses the result of the
numerical integration of heat transferred to the ice
cover and through open water, if present, to cal-
culate the thermal reserve removed from the water
body by each point source bubbler. This depletion
of the thermal reserve is reentered into the program
by uniformly scaling down the original temperature
profile in proportion to the relative depletion. A
new impingement temperature is calculated and the
simulation is repeated. By appropriately varying
the input at each time step, we may follow the
evolution of the suppressed ice cover through a
weather change (or season).
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APPENDIX

:rhis lappe'ndix includes the FORTRAN program for the point source bubbler simulation de-
5Fr|bed in this report. Also included is the FORTRAN program for the line source bubbler simula-
tion. Documentation for the line source simulation is presented by Ashton (1974, 1978).

FOINTBUE

¥ G ASHTON 14 JUNE 1978 FOINT SOURCE BUFRBLER SIMULATION
E ]

L] FROGRAM SIMULATES OPERATION OF A FOINT SOURCE BUBRLER
* TO HMELT ICE

b ]

DIMENSION ETACIO0) »QWTIC100) s DATLAD)
READ 301+HsUAETAZ»TUH HWADELEDELT
READ 302.ALBsALW
READ 303«ND
READ 3042 (DAT(I)eI=1+ND)

A0 FORMAT (7F10.0)

302 FORKMAT (2F10.0)

303 FORMAT (110

304 FORMAT (F10.0)

x
FEINT 401:H«0A

401 FORMAT (1H1+10X+"'H = "sF&.2¢' METERS ' /10X+«'00A = "+F10.&68+" HM3/S5")
FRINT 402+ETAZ« TWH

402 FORMAT {10Xy'ETAZ = "sFbH.2¢" HMETERS 710X " TWH *sF7.3¢* DEB C")
FRINT 403+HUWA

403 FORMAT (10X»"HNA = “»F7:2%" W/M2-NEG C7)

FRINT 404+ND
A04 FORMAT (10X, "SIMULATION IS FOR “»14+"DAYS")
FRINT 405

405 FORMAT (1HO» 10X "DAY AIR TERMF ')
FRINT 4043 (I1+DAT(I)«I=1+ND)
404 FORMAT (10X I3¢3X«F7.2)
x
L] H 1is derth of diffuser {meters)
x 0A is air discharde (sauare meters ser second)
* ETAZ is initial ice thickness (meters)
* THH is initial water temrerature (ded L)
® HWA is heat transfer coefficient water to air (W/M2-DEG C)
» ND 1s number of dauys of simulation
X DAT(I) is daily air temperature (dea C)
* DELR is radial increment distance (m)
¥ DELT is time ster (sec)
* ALE and ALW are width and lendth of the water bodwy
x
FATH = 10132%.,
RHOW = 1000.
RHOI = 914,
CP = 4215,
AK]l = 2,24
AKW = 0.54
ALAM = 3.34ES
CC = 0.152
CE = 1.8B3
G = 9.807

ANU = 1,79E-6

FI = 3,14154

HSTAR = H + PATM/ (KHOWXG) .

DUM = ~PATHXALOG(1.-H/HSTAR) /{RHOWRCE )

UM = SORT(DLUM) :

QWH = (QAKX0,.575)XDUNRZ.XCCR(H + JOHYASART(FI)
B = (H10. ) CLR0AXK0. 15

UCH = UWH/(2.%FIxBExB)

FRINT 407 U0LH» HWH

FRINT 408.B ; .
HE = 2, 10%AKWE(UCHEX0,55) /( (ANUXX0 . 55) X (B¥%0.45))
FRINT 40%+HB

HIDh = 86400,/70ELT




207 FORMAT (1HO#10Xs"UCH = “sFB.4»"M/S/10Xy "QWH = " 1FB.4s° M3I/ST)
208  FORMAT C10Xe’B © “¢F8.4s " HETERS?)
2409  FORMAT CLHOw "HE = “oFfl. 2y W/M2-DEG )
pO BO 1=1,100
ETACT) ETAL
H0O CONTINUE

Dy 250 1h=1«ND
* festablish lateral variation of QW]l at DELR inteervals
R = 0.
po 110 I=1+100
IF (R-R) 101102102
101 QUICLY = HE¥(1.225 D.27S¥R¥RS (CBEB) Y RTWH
GO0 1O 103
102 (MICT) = HEXC(B/R)VEXO . AT 2 THH
103 K = R+IELR
I L] CONT INLE
* Now caleulate thickening and melting of ace
Ml 195 J=1«NTDH
o 190 1=1+100
It DAYTCINDY) 115115114

115 il ~BATCIDY TETAHCT Z7AKET 41 . 7THUWA)D
Gir 70 117

116 ] 0.0

11/ GO EE

BELFTA = (01 = QUWILIY) % DEL T/ CRHOTHALAM)
ETACTY = ETATL)Y + DELETA
IF ETACIY) 121128102

124 ETally = C.0

I3a COn ML
LT ST N
Ty | CONT DL
¥ Find 10e adae

RENLE = 0.C
no 197 I=1«100
IF (ETAIL») 1725« 1WE 1S/
| R REDGE = RELGE 4 DELF
197 COMT IHUE
PRINT 410,10,REDGE
410 FORMAT (1HO+» 10X "AFTER *,I4y'DAYS ICE EDGE IS AT R = "sF&.2»"N")
L] Calculate thermasl derletion
DTHERHW = FI‘REDGE‘REBEE*HHﬁ‘THH
NR = REDGE /DELR
IF (NR - 100) 201+2110211
201 o 210, I=NR«100C
KLR = REBGE + DELR/2
DTHERM = DTHERM 4 2. kP T¥KI REOWICT)
210 CONTINUE
211 CONT INUE
TWH = TWHk(1. — DTHERM/ (Al nEALWE IERHOWSCE Y )
FRINT 411« 1TWH
411 FORMAT (10Xs *NEW THH = “*+F&6.39” DEG £°)
DELRR = S.%DELK
FRINT 412+DELRR
a1 FORMAT (10X»"1CE THICKNESS AT ClL. AND DELER ek S "METERS ")
FRINT 413« (ETACI ) [=1+100:5)
413 FORMAT (10Xs10F&.3)
250 CONTINUE
END -

L INEBUE
G ASHTON 14 JUNE 1978 LINE SOURCE BUBELER SIMULATION

FROGRAM SIMULATES OFERATION OF A LINE SOURCE BURELER
T0 MELT ICE

L

DIMENSION ETAC100) »QWIC100) +DAT(60)
READ 201y HyQASETAZ» TWHsHWA DELY » DELT
READ 302:ALEsALW
REAI 303+ND
READ 304, (DAT(I)»I=1sND)

301 FORMAT (7F10.0)

d02 FORMAT (2F10.0)

303 FORMAT (110)

10



304

401
402
403

404

405

o
=4

E R B K E B N B B BT

A07
408
409

&0

101

104
103
110

116
117

FORMAT (F10.0)

FRINT 401 +H«QA

FORMAT C(1H1+10X»'H = “sFh.29" METERS'/10X,"0A = "2F10.40 "
FRINT 4Q0Z2+ETAZ»TWH

H2/5°)

FORMAT (10X» "ETAZ = “»Fé.2y' METERS'/10Xs“TWH = “»F7.3* DEG C*)

FRINT 403+HUWA

FORMAT (10X:"HWA = “sF7.2¢' W/M2-DIEG C*)
FRINT 404«ND

FORMAT (10X» SIMULATION IS FOR “sI4¢ 'DAYS’)
FRINT 405

FORHAT (1HO»10Xs ‘DAY AIR TEMF')

FRINT 404+ (1+DATC(I)eI=1+ND)

FORMAT (10XeI323XeF7.2)

H 1s derth of diffuser (meters)

DA is air discharde (sauare meters rer second)

ETAZ 1s 1nitial i1ce thickness (meters)

TWH is initial water temrerature (ded C)

HWA is heat trarnsfer coefficient water to air (W/M2-DEG C)
ND is number of daus of simulation

DAT(IY 18 daily air temrerature (deds C)

DELY 1s lateral distance increment (meters)

LDELT 18 Ltime ster (sec)

ALE and ALW are width and lendth of the water bodw

FATH = 101325,
RHOW = 1000,
KRHOI = %16,

CFP = 4215.

AKT = 2,24

ﬁhu = 0.54
ALAM = 3,34ES
CC = 0.182

CB = 2.14

G = 9.807

ANU = 1.79E-4

I = .5-14156

HSTAR = H 4 FPATHMS (RHOWXG)

E = (H#0.B8)XCCxRARRD .15

DUM = ~FATH¥ALOG(1,.-H/HSTAR) /(RHOWXLE )
UM SORTO(DUM)

UCH = (DAXX0.425)¥DUM/(FI¥%0,.25%50RT(B))
OWH = SGRI(2.%F1)xEXUCH

FRINT 407 +UCH s QWH

FRINT J0B:BH

HE - 0.9,58AKWRUCHXX0, 461/ (ANUKR0,62kEX%0, 38)
FRINT 407+HB 3

NTDE = B&6400./DELT

FORMAT (1HOs10Xs "UCH = “»F8.3+ " H/S/10Xr "QWH = *2FB.Ss" M2/57)

FORMAT (10Xs ‘B = “sF8.3+° METERS’)
FORMAT C(1HOs ‘HE = “+FB.3¢" W/H2-DEG C°)
np 80 1=1.,100

ETAll) = ETAL

CONT IHUE

Dl 250 ID=]1+ND
Fstablish lateral variation of OQWI at DELY intervals
Y = Q.0
no 110 1=1+100
IF (Y-B) 101,102+102
OWI(I) = HE%{1.190 - 0.190%YRY/(HKE) ) RTWH
GO TO 103
AWICT) = HEX((B/Y)¥%0.27)XTWH
Y = Y4DELY
CONT INUE
Now caleculate thickenind and melting of ice
D0 195 J=1«NTD
no 190 I=1+100
IF (OATC(ID)) 1151150116
O = -DATCID) Z(ETA(I)/AKI4+1./HUWA)
Go T 117
GI = 0.0
i i
LérE}:"E (0 — QUWICI)) * DELT/(RHDI®ALAM)

ETACI) = ETACI) + DELETA

1




IF CETA(I)) 121+1224+122
121 ETACTI) = 0.0
122 CONTINUE
190 CONTINUE
195 CONT LNUE
¥ Find ice edae
REIGE = 0.0
Do 197 I1=1+100
IF (ETA(I)) 194,196,197
L94 REDGE = REDGE + DELY
1927 CONTINUE
FRINT 410+ 1D+sREDGE
410 FORMAT (1HO+10X»*AFTER *+I4,°DAYS ICE EDGE IS AT Y = "sF&.2¢+'MH")
* Calculate thermal derletion
NR = REDGE/DELY
IF (NR - 100) 201,211,211
201 Do 210« I=NR# 100
RLR = REDGE + DELY/2
NTHERM = DTHERM + 2.%¥QUWICI)XDELY
210 CONT INUE
21 CONTINUE
TWH = TWHX(1. - DTHERM/(ALEXALWEHXRHOWXCF))
FRINT 411+,TWH
411 FORMAT (10Xs'NEW TWH = “sF6.3¢" DEG C7)
DELYY = 5,¥DELY
FRINT 412:DELYY
412 FORMAT (10Xy'ICE THICKNESS AT CL AND DELYY = “3F5,2¢ METERS’)
PRINT 413,(ETACI)y I=1+,100,5)
413 FORMAT (10X+10F6.3)
250 CONT INUE
END

12



A facsimile catalog card in Library of Congress MARC
format is reproduced below.

Ashton, George D.

Point source bubbler systems to suppress ice / by
George D. Ashton. Hanover, N.H.: U.S. Cold Regionms
Research and Engineering Laboratory; Springfield, Va.:
available from National Technical Information Service,
1979.

iii, 17 p., illus.; 27 cm. ( CRREL Report 79-12. )
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