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A~~act-Consideration is given to the heat-~ansfer problem involving soIidifi~tion of a flowing liquid 
onto a melting wall. In particular, an experimental study of hot Freon 124 (m.p. 40.5C) in turbulent flow 
through a thick ice. pipe has been carried out. The major emphasis was on the melting attack of the ice pipe 
wall by the Rowing Freon. The effects of both Freon injection pressure and tem~rat~e on the amount of 
melted ice collected at the pipe exit for a fixed injection period were investigated. The shape of the melted ice 
channel as a function of time, injection pressure and Freon temperature was determined from the frozen 
Freon “casting” that remained in the ice pipe, Numericd results based on a simple quasi-steady melting 
model were compared with the experimentally determined ice melting results. The model was found to 
represent the data reasonably well for Freon temperatures above 70X!, indicating that the ice wall melting 

process is controlled by the growth and decay of frozen Freon layers on the ice pipe wall. 

NOMENCLATURE 

modified Stanton number: equation (20); 
Stanton number ; 
modified friction factor; equation (21); 
phase conversion parameter ; equation (11); 
heat cap&y ; 
dimensionless Freon 112A heat capacity; 
equation (22); 
coefficient of friction; 

convective heat-transfer coefficient ; 
latent heat of fusion; 
thermaf conductivity ; 
friction loss coefficient excluding the 
ice pipe; equation (1); 
length of ice pipe ; 
mass ; 
dimensionless mass; equations (IT), (18); 
Freon injection pressure; 
convective heat flux; 
local ice pipe radius; 
inlet and exit radius and initial radius 
of ice pipe ; Fig. 10; 
normalized ice pipe radius; 
time ; 
crust lifetime; 
local temperature of Freon flow; 
temperature within Freon crust; 
temperature within ice melt layer ; 
Freon injection temperature; Fig. 10; 
equ~~b~urn melting temperature; 
temperature at Freon crust-ice melt 
interface ; Fig. 9 ; 

a, local axial Freon ff ow velocity ; 
u03 inlet and exit Freon velocity ; Fig. 10; 

Y, distance measured from Freon crust-ice 
melt interface ; Fig. 9 ; 

5 axial coordinate measured from ice pipe 
inlet ; Fig. 10. 

Greek symbols 

thermal diffusivity ; 
dimensionless heat of fusion ; 
equation (A.lO); 
crust or melt layer thickness ; 
dimensionless crust or melt layer 
thickness; equation (A$); 
dimensionless Freon crust-ice melt 
interface temperature; equation (A.9); 
temperature profile shape factor ; 
equation (A.7); 
density ; 
pkH ratio; equation (ASO); 
dimensionless time; equation (19) or 
equation (A.9); 

tem~rature profile shape factor’; 
equation (A.6). 
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1. INTRODUCTION 

LAMINAR or turbulent channel flows with phase 
change at the wall have been studied extensively in the 
past [l-14]. Most of this work is concerned with 
the freezing of Liquids in channels with emphasis on (i) 
the shape of the frozen layer and the freezing section 
pressure drop under steady-state conditions Cl-51, (ii) 
the transient growth of the frozen layer for the-case 
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Subscripts 

132, at ice pipe inlet, exit ; 
J-2 Freon 112A ; 
1, ice; 

W ice melt (water). 



where a fully developed channel llow is suddenly 
disturbed by the introduction of a uniform and steady 

sub-freezing temperature along a certain length of the 
channel wal1 [6-g], and (iii) the ~r~li~siel~~ tlow and 
freezing of a liquid at its fusion tcmperaturc as it 
penetrates into an initially empty cold tube [IO 1.31, 
Relatively little work has been reported on channel 
flows with melting at the wall. The problem ofI~]e~lii~g 

in laminar flow in a two-dimensional channel was 

treated theoretically by Boley [I$], with the restriction 

that the meltable wail material be the same as the Ilow. 

A problem of importance to fast nuclear reactor 
safety studies is the flow of high-temperature molten 
ceramic fuel ( _ 3000°C) through the steel channels 
that surround the reactor core. lr the initial tempera- 

ture of the steel channel wall is suf~cieIltly high. the 
molten ceramic--steel interface temperature falls be- 

tween the fusion temperatures for these substances 
upon contact, resulting in solidification in the inltiallq 
molten ceramic fuel and melting in tlte initially solid 

steel wall. This problem is different than the solidifi- 

cation or melting problems mentioned above 111 that 
freezing and melting at the channel wall take place 
simultaneously. Clearly. this freezing melting process 
can arise when the hot liquid stream and the channel 
wall arc different materials of immiscible liquids. with 

the fusion temperature of the hot Ilowing material 
exceeding that of the wall material. Any attempt a( 

predicting the melting rate of the channel wall in this 
situation must include the transient behavior- o!’ a 

growing crust on the wall melt layer. The frozen crust 
may protect the melting wall from direct contact with 

the hot channel Row. Al~cr~i~~tively. the supcrheai of 
the hot stream and the local heat-transfer rates map hc 

such that the initially formed protective crust ii 
remelted and the wall melt layer becomes euposcd to 

the channel ilow and, perhaps. is entrained bq the tiow. 
A simple wall melting model that incorporates ~hc 

growth and remelting of the solidified layer IS dc- 
veloped below. Interestingly enough, a frozen layer 
formed in this manner may be somewhat mohilc <>\;I i~jg 

to the underlying layer 01‘ wall melt and rhe ilu~i 
frictional shear forces acting on the crust surl’acl: 

PRESSURE d 

In [ 151 an analysis Is given of’srmuitaneous solidlii 

cation and melting heat transfer. but tile work L’UII~~Y~~ 

on the conduction aspects of the problem. A scrtes ix- 
tests in which limited quantities of molten ~~r~,~,,u~~~ 
dioxide metallic molybdenum rnlxfure wert’ ~~~jzcteti 

Into steci tubes and reactor subassembly chan~~cl~ :, 
reported in [lh. 17’1. In thcsc texis. J t_x~mplex it+:> 
phase mixture of l~igl~-pressul-c riitrogen gas. :.?(iib I 
uranium dioxide and metallic m~)lybdcrrum WV, gcnc- 

I-atcd by a thermite-type reaction between uranj!.ln: 
powder containing same uranium nitride and molyi>- 
denum trio\;ide. Different steel channel wall tcmpcra- 
lures wcrc selected and the conditions that rcsul>cd it: 
partial or complete ablation of 1 lit) channel wall wx3x 
recorded. 

T’o the best of the authors‘ knowledge, ni+ pi R)I 

laboratory work has been carried out rcgardmg ihc 
heat-transl’er characteristics of a !iccylns liquid Ilow- 
111g tht-ough a melting channel other than that ropor:cd 
in [Ih, I’-/, and essentially no qxrimental stud& 

have been made of this process ulldcr w&defined ilow 
condition’;. The object of {his paper is, therelore. $0 

make a11 l?xperlmental study oi’ ;i tube tlow w:th 
simultaneous melting and solidification at the tube 
wall, along with a simple thcorcticai 3nalysIb 01‘ Ihi< 
melting freezing problem fo~ an ideal case. ‘I”‘itc prc- 

sent study investigated the turbulent ilow oihat Ft-e<,i: 
I13 (n~.p. 4t5 C) through ;I thrck ice pipe. The ICC 
pipe w;t\ i~l~~intained at the mcltt~~g tempcraturc 
throughout. Theeffects of Freon injection pressure and 
tcmpcraturc on the amount of melIcd ice collected :It 

the ptpt* c\tt wcrc determined 

4 schematic diagram of the eupcrimental set up 14 

shown in Fig. 1, Briefly. two solenoid val\oes separated 
a IXfcrn-long. tllick-walled ice pipe from a Freon 
reservoir and a receiving vessel. 

4 stainless steel. vessel made from o in scheduie 40 
pipe (15.-11 cm I.l).), approslmate capacity uf 
3OW cm ‘. was used 3s the Freon reservoir. Heating 
wires wcrc wrapped around the reservoir and insulated 
with ceramic fiber to bring the 1:‘rcon to. and tnaintain 

I;I(;. I. Schemattc dragram oi‘ the exprrlmei~tal apparatus 
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it at, the desired initial temperature. All temperature 
measurements were made with 1/16in (0.16cm shea- 
thed) chromel-alumel thermocouples. Two thermo- 
couples were located at different levels within the 
reservoir to check that a uniform temperature was 
attained prior to a run. The reservoir was connected at 
the top to a large 3 x 10’ cm3 tank pressurized with 
nitrogen gas to maintain a constant Freon injection 
pressure. A pressure transducer was installed in the 
reservoir and its output was recorded on a 
Hewlett-Packard strip chart recorder. 

A l/2 in schedule 40 stainless steel pipe (1.6 cm I.D.) 
connected the reservoir to a 1 in solenoid valve. A 
1/2in ball valve was also installed in this section to 
allow manual shutoff of the flow in case the ice pipe 
ruptured. On the downstream side of the solenoid 
valve, a thermocouple extended into the center of the 
inlet tube to monitor the Freon flow temperature just 
prior to entering the ice pipe. This temperature was 
recorded on the strip chart recorder. Another 1 in 
solenoid valve controlled the flow from the ice pipe 
into the receiving vessel. “Nylaflow” (nylon) pressure 
tubing of 0.749 cm I.D. provided connections between 
the solenoid valves and the ice pipe entrance and exit. 

The ice pipe was cast in a 150cm-long plexiglass 
tube of 5.7 cm I.D. (see Fig. 2). Two 0.635 cm-thick 

5.7cm 

FIG. 2. Schematic diagram of plexiglass ice pipe mold. 

plexiglass squares reinforced with 0.16 cm-thick galva- 
nized steel sheets formed the ends of the plexiglass 
mold. One end was permanently bonded to the tube 
with epoxy while the other end piece was kept in 
position by two 0.318cm-dia threaded steel rods 
running the length of the ice pipe and a rubber gasket 
to prevent water leakage. Swagelock nylon bulkhead 
adaptors of0.714cm I.D. were frozen in place in the ice 
to make the necessary connections to the Nylaflow 
pressure tubing and the solenoid valves at the inlet and 
exit sections. 

Each ice pipe was made by inserting a 0.635 cm O.D. 
copper tube coaxially in the plexiglass ice mold tube 
filled with distilled water. The temperature of the 
freezer in which the pipes were placed was maintained 
between - 10 and - 12”C, and the pipes were allowed 
to freeze overnight. A slit was cut along the length of 
the plexiglass tube wall to allow for expansion as the 
ice froze. Cracks were frequently observed to form in 
the ice when the freezer temperature was much below 
- 12°C. This in turn led to Freon leaks during the runs 
and was avoided. After complete solidification, the 
copper tube was removed by passing hot water 

(- SO’C) through the tube for several seconds. 
This technique resulted in an ice pipe with a smooth 
inner wall having an inside diameter of 0.7cm 
(r. = 0.35 cm). 

All the valves and connecting tubes outside the ice 
pipe were wrapped with heating wires and were 
insulated. Provision was also made to measure the 
temperature of the valves and the walls of the connect- 
ing tubes by mounting surface thermocouples at the 
appropriate locations. This instrumentation assured 
Freon temperature uniformity between the reservoir 
and the ice pipe entrance and that the connections 
between the ice pipe exit and the receiving vessel were 
maintained above the freezing point of Freon. 

3. EXPERIMENTAL PROCEDURE 

The reservoir was filled with liquid Freon to a 
predesignated level using a dipstick to make sure the 
level was the same for all runs. The liquid Freon in the 
reservoir and the lines between the reservoir and the 
ice pipe were preheated to a desired temperature. The 
exit tubing leading from the ice pipe was always 
maintained at about 55°C to prevent Freon solidifi- 
cation outside the ice pipe. The valve connecting the 
reservoir to the nitrogen pressure tank was opened and 
the pressure level adjusted. The ice pipe was placed 
into a galvanized box with a plexiglass cover as a safety 
measure in case of ice rupture. The necessary con- 
nections were made between the ice pipe fittings and 
the Freon inlet and exit flow lines. 

Each run was started by activating the two solenoid 
valves simultaneously for a preset duration (set on a 
timer) and thereby allowing the hot Freon to enter the 
ice pipe. The Freon was allowed to flow through the ice 
pipe and into the receiving vessel for a period of 6-l 1 s 
depending on the injection pressure, at which time the 
solenoid valves were closed simultaneously and the 
Freon flow shutoff. At the end of each run the Freon 
and the melted ice collected in the receiving vessel were 
separated and their individual masses were recorded.* 
The shape of the melted ice channel was determined 
from the frozen Freon “casting” that remained in the 
ice pipe (i.e. trapped between the two solenoid valves). 
This was done by allowing the ice to melt and 
measuring the radial dimensions of the frozen Freon at 
several axial positions. 

TO test out the system and to determine the overall 
friction loss coefficient for the flow system excluding 
the ice pipe, K, as well as the delay time associated with 
opening and closing of the solenoid valves, a series of 
experiments were run without the ice pipe in position. 
The procedure was identical as that described for the 
runs made with the ice pipe except that the ice pipe 
inlet and outlet lines were connected with a Swagelock 
union. The amount of Freon collected in the receiving 
vessel, mf, for a given inlet Freon temperature and 
reservoir pressure was plotted as a function of the 
injection period set on the solenoid valve timer. This is 

*The Freon 112A-water system is an immiscible material 
pair. 
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FIG. 3. Calibratjoo of valve delay time and determination of K, the overall friction loss coeflkient excluded 

shown in Fig. 3. By “visually fitting” straight lines 
through the data points obtained and extrapolating to 
rnf = 0, the intercept on the abcissa gave the magni- 
tude of the valve detay time. This was repeated for 
different injection pressures and Freon temperature 
and the average value of the delay time was found to be 
0.8s. The “negative delay time” indicated in Fig. 3 
implies that the time to close the valves exceeds the 
time to open the valves. The delay time is added to that 
set on the valve timer to determine approximately the 
injection period. Since the flow is highly turbulent, the 
pressure drop external to the ice pipe is assumed to be 
well represented by 

AP,,, = +Kp/zr; (1) 

where r0 is the radius of the inlet tube (rO = 0.357 cm).* 
velocity in the nylon tube leading into the ice pipe 
(when the ice pipe is in place). In the absence of the ice 
pipe, the total amount of Freon collected is simply 

?n, = mip,u,t (2) 

where r. is the radius of the inlet tube (rO = 0.357 cm).* 
Eliminating u,, between the above two equations and 
solving for I<. we obtain 

K = 27r2r~plAP,x,(t/m,)2. (3) 

From Fig. 3 it is found that K varies in the range 
3. I-3.7. 

.t. EXPERJ~IENTAL RESULTS 

The first set of runs were carried out with the Freon 
reservoir temperature, T,, held approximately con- 
stant at 91.O”C and the reservoir pressure, P,,. varied 
from0.17MPa(-1.7atm)to0.635MPa(-6.35atm). 
In the second set of runs, P, was held constant at 
0.446 MPa ( -4.46 atm) and T, varied from 45 to 91°C. 

*The mold for forming the ice pipe cavity was such that the 
resulting ice channel radius r0 = 0.35 cm was 0.007 cm k%s 

than the radius of the nylon inlet (or exit) tube. This difference 
is ignored in the theoretical uart of the paper presented in 
Section 5. 

In all the runs, the ice pipes were maintained at a 
uniform temperature between 0 and-3°C to ensure 
that the desired condition of simultaneous ice wall 

melting and Freon crust formation upon contact was 
achieved. 

Photographs of the ice pipe entrance region before 
and after Freon is allowed to pass through the ice 
section are shown in Fig. 4 for an injection period of 
6.8 s, P0 = 0.515 MPa and To = 90°C. Note that the 
frozen Freon casting remaining in the ice pipe channel 
has a milky white appearance. Freon I I2A in the liquid 
state is a clear fluid. As a result of this color change 
upon freezing, the Freon crust behavior during a run 
was visible through the ice pipe wall.? 

At high injection pressures and temperatures, the 
inner ice wall appears to be partially covered by a 
random array of Freon crust “spots”. The spots seem 
to be slightly elongated in the direction of flow. The 
crust spots are not permanent, but disappear and 
sometimes are replaced by a new spot that grows at the 
same site. The departure or disappearance of crust 
spots is attributed to a combination of crust melting 
(see Section 6) and crust mobility owing to the 
underlying layer of melted ice. At lower pressures 
and/or temperatures, sections of Freon crust were 
clearly seen to move or slide along the ice pipe wall in 
the direction of flow with a jerking motion on a stop 
and go basis. At times, the crust sections were observed 
to accumulate in the exit region of the ice pipe right in 
front of the exit tube (exit bulkhead adapter) forming a 
Freon “crust jam”, as illustrated schematically in Fig. 
5. For some runs performed at low initial Freon 
temperatures (T, 5 7O”C), tiny solid Freon particles 
were seen flowing into the receiving vessel. This Freon 
“hail” may be caused by turbulent mixing between the 
relatively cold melted ice and the Rowing Freon. 
Perhaps some of the melted ice in the form of water 
droplets is rapidly entrained by the bulk Freon ROW. 

.____.” . .__ - .-- ..----. .I.- 
tThe opaqueness of solid Freon 1 I2A is probably a result 

of the formation of small air bubbles upon freezing. 
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FIG. 4. (a) Entrance region of ice pipe at t = 0. (b) Entrance region of ice pipe after Freon 112A solidification. 
(PO = 0.515 MPa, T0 = 9O”C, t = 6.8 s.) 

ICE PIPE 

FIG. 5. Pictorial representation of Freon crust motion and 
jamming in the exit region of the melting ice pipe. 

The entrained water droplets then serve as sites for 
Freon solidification into particles. Such an ablation- 
induced bulk freezing mechanism was first postulated 
in [ 161 for the UO,-steel system. The use of a 150 cm- 

Z/L 

FIG. 6. The effect of injection presure on the measured ice 
pipe profile. 

long ice pipe allowed our experiment to also deal with 
the question of bulk freezing as a mechanism for flow 
blockage. It was suggested in [16] that as a result of 
turbulent mixing between the relatively cold melted 
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channel wall materia’l and the hot stream, a freeze 
blockage might occur in the region just behind the 
advancing flow front (during the early stages of the 
transient before the flow traverses the axial length of 

the channel). Freon is predicted to penetrate only 
- 80 cm into the ice pipe before it gives up its latent 
heat of fusion to the entrained ice melt and thereby 
causes the flow to stop (seeequation (31)of [16]). This 
type of freeze blockage was not observed here as the 
Freon always emerged from the ice pipe exit section. 

The observed shapes of the melted ice channel as a 

P,, q 0.446 MPo 

0 0.5 1.0 

Z/L 

FIG. 7. The effect of Freon temperature on the measured ice 
pipe profile. 

0 0.5 1.0 

Z/L 

FIG. 8. The effect of injection period on the measured ice pipe 
profilc. 
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FIG. 9. Postulated simultaneous ice wall melting and Freon 
crust formation. 

function of injection pressure, initial Freon tempera- 
ture and injection period are shown in Figs. 6, ? and 8, 
respectively. In most cases the channel radius increases 
in the inlet region and passes through a maximum 
value at an axial location of z/L - 0.03. Thereafter, the 
radius decreases and the channel profile becomes 
linear beyond z/L - 0.2. This channel profile “bulge” 

in the ice pipe entrance region can be seen In Fig. 4 and, 
presumably, is due to the thermal entrance region 
effect for developed turbulent flow. 

5. ANALYSIS 

The problem of predicting the average meltmg rate 
for the ice pipe wall is complicated by t hc fact that we 
must deal with the transient behavior 01’ a growing 
Freon crust on the melting ice wall together with a time 

dependent Freon flow rate due to the melting process. 
If it is assumed that the Freon Row is quasi-steady and 

if the Freon crust motion (sliding) is ignored, then the 
problem is greatly simplified. 

Initially the ice pipe wall is at INS freezing tempera- 
ture. Thus, when Freon flow commences a Freon crust 

will build up on the melting ice wall. as sketched m Fig. 
9. The growth of the Freon crust comes to a stop when 
the conduction heat flux into the melting ice layer 
balances convection from the Freon flow. Then the 
frozen Freon layer will begin to melt; it ultimatelq 
disappears when melting is complete. We assume that 
at this instant the exposed water layer is removed 

(entrained) by the highly turbulent Freon flow and the 

process of Freon crust growth and decay begins again. 
This implies that, except for the short period of time 

during which the melted ice is removed from the wall. 
the Freon crust protects the melting ICC surface irLjII1 
direct contact with the hot flowing Freon melt. If tilt. 
time interval between initial growth to complete: 

removal of the crust (crust lifetime. !,,,?j is small in 
comparison with the Freon itljectron period, ice II~X~I- 

ing can be visualized as a process in which ICC ix 

continuously being removed (ablated) at a rate pro- 
portional to the difference between the local Ereon 
flow temperature and the Freon fusion temperature, 

T- Tmp,f. In particular, we postulate that the m- 
stantaneous rate of ice wall erosion :s approximately 
equal to the mass of the ice melt layer at the moment 

the protective Freon crust is melted away, (j,~i,Jr,~:~ I. 

divided by the Freon crust lifetime. I:,,, 
In addition to the abo~ Ideall~ati~m the following 

assumptions are made: 
1. The flow is highly turbulent and the local heat- 

tl-ansl‘er coefficient at the Freon nielt crust Interface, ii, 
can be represented by the constanl Stanton number 

formula:* 
II 

~~ ~_ 1 -.S-ill . i-11 
(‘, p, 11 

’ All physical properties arc constant, and the -. 
properties of liquid and solid Freon I 17A are taken to 

be the same. 
3. During the period rliTc. the solidified Freon layer 

and the trapped ice melt layer arc thin compared with 
the local channel radius so that curvature effects In the 

crust and in the melt layer may be neglected. 
4. The crust lifetime is sufficiently short so that the 

local tlow temperature and convective heat-transfer 
coefficient remain essentially constant during each 



Freezing-melting heat transfer in a tube flow 

r ENTRANCE TUBE EXIT TUBE 

7 

HOT 
FREON 
FLOW 

“o. To 

ICE PIPE 

r(z,t) 1 

FIG. 10. Idealized melting ice pipe. 

growth and decay period of the frozen Freon crust. 
5. In the Freon crust and in the wall melt layer 

conduction takes place in the radial direction only. 
6. Frictional resistance to flow in the ice pipe at the 

Freon melt&crust interface can be represented by the 
shear stress formula 

Z = ifp$ (5) 

where f, the friction factor, is assumed constant 
(f = 0.005). 

7. The Freon melt flow is in the axial direction only 
and the velocity profile is flat. 

8. The exchange of liquid enthalpy due to turbulent 
mixing between the flowing Freon and entrained 
melted ice is ignored. 

9. The thermal enirance region is not taken into 
account. 

10. The ice pipe profile r(z,t) is a slowly varying 
linear function of the axial position Z, as shown in Fig. 
10. 

11. Pressure drops due to expansion and con- 
traction that develop in the inlet and exit regions 
of the ice pipe as the melting process progresses are 
neglected. 

12. The group [LAP, c.f(T, - T,,,.O/(r,piHi)] is 
much less than unity. 

13. The time required for the Freon flow to fill the 
pipe is small compared with the injection period. 

The problem of a frozen layer in convective flow 
growing on a melting solid was studied analytically 
(see Appendix) and the results confirm the validity of 
assumptions 3 and 4 for sufficiently high local Freon 
flow velocities and temperatures. As a result of assum- 
ption 12, which may be shown to be equivalent to the 
assumption of negligible mass and thermal inertia in 
the hot Freon flow, the transient term in the energy 
equation may be neglected and the momentum equa- 
tion is simply a balance of the pressure gradient with 
frictional resistance in the Freon flow. Assumption 8 
comes from the experimental observation that the 
mass ratio of melted ice to Freon collected in the 
receiving vessel is small (mw/mf 2 0.06). Assumption 
10 is also based on experimental observation (see 
Section 5).* Some errors are introduced by neglecting 

*The validity of the linear ice profile assumption can be 
rigorously demonstrated (Condiff and Epstein, in prepara- 
tion). 

variations in the Stanton number A and in the friction 
factor ,f as the local channel radius increases due to 
melting and by ignoring the thermal entrance region 
[see assumptions (I), (6) and (9)] ; however, even an 
approximate allowance for these effects would greatly 
increase the complexity of the computational task. 
Moreover, in view of the lack of information regarding 
Freon crust behavior on melting ice, such an analysis is 
probably not justified. 

For the model of the melting ice pipe shown in Fig. 
10 and under the assumptions listed above, the 
governing equations are: 

u,(t)-,2 = u(z, t)r’(z, t) 

(continuity for the Freon) (6) 

a mechanical energy balance for the flow system 
composed of inlet and exit piping, valves, and the ice 
pipe [see equation (1 )] 

Al’ = fKp&(t) +fp,, 
‘I. u2(z, t) d 

___ Z (7) 
0 r.(z, t) 

and a thermal balance on the flowing Freon which 
equates the heat leaving through the frozen Freon 
layer at the wall to the decrease of enthalpy of the hot 
Freon stream 

[T(Z, t) - T,,,,~]h& = -+cfppr8T(z, t). (8) 

The local heat lost from the hot Freon crust during the 
crust lifetime, q”tlife = h( T- Tmp,J)t,if,, must equal the 
sensible heat stored in the underlying melted ice layer 
plus the heat required to produce the ice layer: 

0 

qntlife = P&w [Tv(t,ife) - Tmp.wl dy 

where G,(tlir,) is the ice melt layer thickness at the 
instant the Freon crust is completely melted away and 
y is the distance measured from the Freon 
crust-melted ice interface (see Fig. 9). Equation (9) 
follows from assumptions 3-5. We suppose that a 
linear temperature profile exists through the ice melt 
layer. Substituting this profile into the integral in 
equation (91 we obtain 

H.M.T.--8 
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where B, the phase conversion parameter, is given by* 

From the relation between the 1ce meIting rate, 
~~G,“(t~~r~)/(t,~~~), and the rate of change of the local ice 
pipe radius r, namely 

we have 

The instantaneous mass velocity of the hot Freon 
stream is 

(14) 

and the flow rate of melted ice pipe material at the pipe 
exit is given by 

%.K_ 
dt 

- zap, 

Finally, the experimentally determined pipe radius 
profile suggests the following simple linear relatian for 
r(z, t): 

where R,(t) is simply the (normalized) instantaneous 
ice pipe radius at Fhe inlet location (R 1 (t) .= r(l), t )/r,] 
and R,(t) is the instantaneous pipe radius at the exit 

E&(f) = r(L Wol. 
It is now convenient to introduce the following set of 

dimensionless variables and parameters: 

(dimensionless Freon mass) ( 17) 

(dimensionless ice melt mass) (1X) 

(dimens~onIess time) (19) 

a z F (modified Stanton number) (20) 
0 

h 3 &$ (modified friction factor f (211 
0 

(dimensionless Freon heat capacity). (31) 

*For the Freon I IZA-ice system, equation (I 1) &XS El 
= 1.25. The results of a detailed analysis of this conduction 
probIem which attempts to obtain the correct nonlinear 
temperature distribution (see Appendix) show that the more 
correct value of 3 is around IO:.{ tower than this. Tempera- 
ture profile distortion within the ice melt layer will be more 
important in applications where the melt liquid superheat is 
high or more precisely for values of B S 1.5. 

Then, from equations (4j, (6) (8) and equations 
(13)--( I x5), the following system of dimensionless equa- 
tions is obtained 

equations (23)-(26) are su~c~ent to dete~rni~le the 
four coupled unknown functions R,, X,, M,,, and M, 
subject to the initial conditions K1 = Rz = 1.0 and 
,V, = M, = 0 when t - 0. Equations (23) and (24) are 
obtained by substituting the ice channel profile ex- 
pression, equation (IQ, into equation (I 3) and 
evaluating the result at z = 0 and 2 = L. Equations 
(23)-(26) were integrated numericaliy. In order to start 
the integration for T near zero, short-time solutions are 
required. These are 

R, = l+jl+h)- 1 ‘r+... (27) 

R2 = I i-em”(l+b) “r-h... Q8) 

M, = (Ii-h)’ ‘Jr-k.,. (29) 

M,,~=C(I+e-“)(ll--h) ’ 2;+.... (30) 

6. DlSCliSSlON 

In Fig. 1 I, the actual amount of water (ice melt) 
collected, m,, as a function of injection pressure is 

0.4 I I 1 I t I f 

I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

po, MPa 

FIG. Il. Mass of melted ice collecttvi vs injection pressure. 
The dashed line is based on predicted Freon flow rates. The 
soiid line is based on the observed amount of Freon collected. 
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compared with the theory (dashed curve). Although 
equations (23)-(26) predict the trend, they over- 
estimate the actual melting results by 15-100% de- 
pending upon the value of P,. Possible sources of error 
include the assumptions of constant friction factor f 
and Stanton number A. Since the local ice pipe radius 
increases with time, these values may increase by as 
much as 257; during the course of a run. However, it is 
presently felt that the difference between the test results 
and the theory can be largely attributed to increased 
Freon flow resistance as a result of Freon crust motion 
and buildup in the exit region of the ice pipe (see 
Section 4). The results shown in Fig. 12 for the mass of 
Freon collected, m,., bears this out. The actual amount 
of Freon collected for every run is considerably less 
than that predicted (dashed curve). From the results of 
the analysis, it is found that the amount of Freon 
collected is insensitive to variations in A or f since, 
after a short initial period, the computed pressure drop 
across the melting ice pipe is small compared with the 
external pressure drop l/2 Kpug [see equation (l)]. 
Values of K from 5 up to- 18 depending on P, were 
chosen to force the theoretical values of m, to agree 
with the experimental values (solid curve in’Fig. lYq.* 

61r1’1’1 

9 

0 t I I I I I I I I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
PO, MPa 

FIG. 12. Mass of Freon 112A collected vs injection pressure. 
The dashed line represents the theory. The solid line indicates 

the values of K required to match the measurements. 

This resulted in good agreement between the theory 
and the experimental data for m, as shown in Fig. 11 

*Assuming that the Freon crust jam at the pipe exit can be 
represented as a thin obstacle with a hole in the middle (or 
orifice), the extent of this partial flow blockage in terms of 
flow cross-section (or necking down) is estimated to be a 20% 
reduction in channel radius for K = 5 and a 40% reduction in 
channel radius for K = 18. 

t 

PO = 0.446 MPo 

re= 0.35 cm 

0.1 

0 
40 50 60 70 80 SO 100 110 

T,,:C 

FIG. 13. Mass of melted ice collected vs injection tempera- 
ture. Solid lines represent predictions based on the observed 

amount of Freon collected. 

(solid curve) and hence the model can be used to 
estimate average melting rates when the flow velocity 
is specified. Along the dashed portion of the lower 
curve in Fig. 11 the Freon crust lifetime, tlife, is 
predicted to be of the order of or exceed the injection 
period (see Appendix) and, therefore, the major under- 
lying assumption t << tlife breaks down. 

The variation of m, with initial Freon flow tempera- 
ture, T,, for different injection periods is shown in Fig. 
13. The experimental data exhibit considerable scatter 
for 55 < To < 7O”C, with the experimental points 
essentially divided between an upper and a lower 
curve. The sudden drop in m, as To falls below N 70°C 
is attributed to relatively rapid accumulation of Freon 
crust in the ice pipe exit region. Observations made 
through the ice pipe wall during the experiments 
seemed to support this. The solid curves in Fig. 13 
represent the predicted amount of ice melt collected 
based on the observed amount of Freon collected (see 
Fig. 14). The Freon flow rate was computed from the 
theory with K = 6.3 to match the measurements form, 
shown in Fig. 14. 

7. CONCLUSIONS 

In the flow of hot Freon 112A (m.p. 4OS”C) through 
a melting ice pipe, two distinct modes of Freon freezing 
were observed. First, sections of Freon crust are 
formed on the inner melting ice wall. The crust sections 
are not stationary, but slide over the melting ice with a 
jerkirig motion in the direction of flow and, ultimately, 
may disappear due to remelting. Second, the ap- 
pearance of small solid Freon particles entering the 
receiving vessel indicates that melted ice in the form of 
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FIG. 14. Mass of Freon 112A collected vs injection tempera- 
ture. Solid lines indicate the value of K required to match the 

data. 

water droplets act as sites for freezing Freon in the 

turbulent core. 
The Freon 112A flow rate is difficult to predict as a 

result of the accumulation of frozen Freon skin in the 
exit region of the ice pipe. The average ice wall melting 

rate may be predicted by using the experimentally 
observed average Freon flow rate and by assuming 
that the melting process is controlled by the growth 
and remelting of the Freon crust sections on the ice 

pipe wall. 
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The purpose of this appcndls IS LO lrcat the problem of ihc 
unsteady growth and decay of a frozen layer in a liquid (Freon 
112A)Rowingpast a plane melting (ice) wall. The formulation 
IS based on the integral (profile) method and parallels that of 
[IV] for the behavior of a fl-o/.en layer 011 a non-melting wall. 
A hot liqmd at a bulk temperature 7‘ above itb solidification 
temperature Tm,,, suddenly tlows over a thick cold wail ot 
different material at its melting temperature ‘&_, ( 7j2,,, , 
> 7;,,,,,,). The hot liquid flow-wall interface temperature falls 
between Tmp,, and Tm,,,+_ resulting in solidification 111 the liquid 
How and melting in the initially solid wall. In particular. at 
time zero, a solidification front appears ar the plane 01 
separation J’ = 0 and moves in the positive !a-direction into 
the liquid; similarly, a melting front appears at J’ = 0 and 
moves in the negative y-direction into the sohd (see Fig. <I). 01 
course, this semi-infinite composite region model can be 
applied to the meltilig ice pipe problem only when the ice melt 
layer proceeds a relatively short distance into the wall and the 
Freon crust thickness is thin on the scale of the channel 
radius. 

Subject to assumptions I 5 of SectIon 5, the heat balance 
conditions at the solidification front (4’ = 60, at the solidified 
layer-wall melt layer interface (L. == 0). at the melt front (! : 
-ii,,). and across the solidified layer and melt layer suffice 10 
provide the desired relationships :i,(r~ and 0.,(r) These 
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d*w di _=- 
dz A, 

1195 

64.1) 

(A.12) 
conditions are: 

64.2) 

(A.3) 

a macroscopic heat balance across the solidified layer (Freon 
crust) 

-af 
aTf 0 ay yio 

+ Z,z (A.4) 

and a macroscopic heat balance across the wall melt layer 
(water layer) 

T,(y,‘t)dy = a, 

d&v 
+ Tw,w~. (A.5) 

Equations (A. 1 k(A.5) constitute five conditions which the 
temperature profiles must satisfy. If we assume second-order 
polynomials for the temperature distributions T,(y, t) and 
T,(y, t), they take the forms 

T,(Y, t) - Tw,r 
7;(r) - TM 

+ [l -x(t)1 l-&j c 1 
2 

(‘4.6) 
I 

T+(Y, t) - Lw 
T(t) - Tmp,w 

+C1--WI l+& I 1 

2 

(A.7) 
W 

where x(t) and A(t) are shape functions eliminated in the 
course of the analysis in favor of the remaining dependent 
variables. In writing equations (A.6) and fA.7) we have 
already invoked the condition of temperature continuity at 
y = 0: Tf(O, t) = T,(O, t) = T(t), where T(t) is the in- 
stantaneous temperature at the frozen layer-wall melt in- 
terface. 

The followine dimensionless variables and aarameters will 

(A.81 

(A.9) 

(A.lO) 

Then, from equations (A.l)-(A.7), the following system of 
dimensionless equations is obtained 

dL\I_ 
dt 

x(1-W 1 

*r 
(A.ll) 

& [(2+X)Ar(l -4)-j = 128,(1;;)(1 -‘) (A.13) 

& [(2+x)A,~i] = 12PwG;(1 -‘) (A.14) 
W 

(2-x)(1 -0,) (2_1)f?i 
=p. 

A, *, 
(A.15) 

It can be shown that Ar, A,, x, I, and Bi can each be 
represented by a power series of the form 

2 f&T”‘*; 
n=l 

however, this series can only be used for short times (as ? 
increases the series ceases to converge). Therefore, equations 
(A.ll)-(A.15) were converted to an equivalent coupled 

I.0 - 

0 5 IO I5 20 25 30 35 40 45 50 

r 

FIG. 15. Time histories of Freon crust thickness (AI) and ice 
melt layer thickness (A,). 

system of first order ordinary differential equations, which 
were integrated in the forward direction using the power 
series solutions to obtain the correct starting behavior. The 
accuracy of the integral method exploited here has been 
demonstrated in [19] for a closely related conduction pro- 
blem and need not be belabored here. 

The crust and melt layer thickness-time curves are shown 
in Fig. 15 for the Freon 112A-ice wall system. One notes that 
A/(T) passes through a maximum value Al,,,_ = 0.86 at a 
dimensionless time T L 4.0. At this extremum, the heat flux 
coming from the flowing liquid is equal to that removed 
through the ice melt by conduction. The rate of Freon 
solidification passes through a stage of zero speed and Freon 
crust melting begins. The Freon crust lifetime ~~~~~ = 49.0. The 
ice melt layer thickness increases with time and reaches A, 
= 1.21 at T = rlife. Assuming the local convective heat- 
transfer coefficient in the Freon flow is given by the constant 
Stanton number formula, h = Ac/p,u, we can convert these 
dimensionless numbers to predicted maximum Freon crust 
thickness a,,,,,, Freon crust lifetime t,ire and ice melt layer 
thickness a,,,,, at t = t,ife. For the experimental conditions 
leading to a local Freon velocity of- 500cm s -l, we obtain h 
= 0.2 calcm2sK1. This leads to the inferences 6,,,,, _ 1.85 
x 10-3cm, SW,,,, = 1.1 x IO-‘cm, and tlif, _ 0.2s for a 
Freon stream at 70°C. It is clear that assumptions 3 and 4 of 
Section 5 are readily satisfied. However, assumption 4 
becomes increasingly difficult to satisfy for low Freon flow 
velocities and temperatures. For velocities of the order 
lCKlcms_’ and Freon temperatures of about 45”C, we 
predict a Freon crust lifetime of-200s. The quasi-steady ice 
melting model described in Section 5 breaks down under 
these conditions since t,ile is very much greater than the 
injection period. 
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TRANSFERT THERMIQUE POUR UN ECOULEMENT DANS UN TUHt: 

LORS D’UNE SOLIDIFICATION ET DUNE FUSION 

R&m&On considere le transfert thermique au tours de la solidification d’un liquide en ecoulcment ct de la 
fusion de la paroi. En particulier, on etudie expirimentalement un tcoulement turbulent de Freon 1 I .3 .A 
chaud (point d’tbullition 409X) a travers un tube ipais de glace. L’attention est port&e sur l‘attaque de 
fusion de la glace par le Freon. On etudie les effets de la pression d’injection du Freon et de la tempirature sur 
la quantiti de glace fondue collect&e a la sortie du tube pour une periode d’injection fix&e. L.a forme du canal 
de glace en fusion en fonction du temps, de la pression d’injection et de la temperature du F&n cst 
dtterminee a partir de la prise de Freon gele qui demeure dans le tuyau de glace. On compare des rcsultat\ 
numtriques bases sur un modele simple de fusion quasi stationnaire avec les risultats expcrimentaux. Le 
modtle reprtsente les mesures raisonnablement bien pour des temperatures de Freon supericurec i 70 C. cc 
qui montrerait que les processus de fusion parittale de la glace est controlee par la croissance ct la disparition 

des couches de Freon gelt sur la paroi du tube de glace. 

GEFRIERENDE-SCHMELZENDE WARMEUBERTRAGUNG IN 
EINER ROHRSTROMUNG 

Zusammenfassung- Es wird ein Wkmeiibertragungsproblem behandelt, bei dem eme strbmende 
Fltissigkeit an einer schmelzenden Wand gefriert. Im vorliegenden Fall wurde eine experimentelle 
Untersuchung durchgefiihrt, bei der eine turbulente Stromung von warmem Freon 112A (Schmelzpunkt : 30, 
5°C) durch ein Rohr aus dickem Eis flieBt. Es wurden die Einfltisse untersucht, die der Einspritzdruck und die 
Temperatur des Freons auf die Menge des in einer bestimmten Zeitspanne vertliissigten Eiscs am 
Rohrausgang haben. Die Form des geschmolzenen Eiskanals als Funktion der Zeit, des Einspritzdrucks und 
die Freon-Temperatur wurden iiber die gefrorenen “Freon-GuBteile”, die im Eisrohr verblieben, ermittelt. 
Die iiber ein einfaches, quasi-station&es Schmelzmodell berechneten numerischen Ergebnisse wurden mit 
den experimentellen Schmelzergebnissen verglichen. Das Model1 gab die Messungen fur Freon- 
Temperaturen iiber 70°C recht gut wieder, woraus ersichtlich ist, daB der ProzeB des Eisschmelzens durch 

Wachstum und Abnahme der gefrorenen Freon-Schichten auf der Eiswand des Rohres bestimmt wird. 

TEIUIOIIEPEHOC IIPM TEYEHMM 3ATBEPflEBAIOIIIEH XKMfiKOCTM B T PY6E: 
C IIJIAB5IIIHIMMC5I CTEHKAMM 

AHHoTauHfl - PaccMarpesaercn nepeuoc renna npe saraepnesaumi XCMIIKOCTM, narertaromen tta 
nnaBnUIy!OCR CTeHKy. B 'IaCTHOCTU, BblnOnHeHO 3KCllepEiMeHTanbHOe MCCneAOBaHMe Typ6ynWHO~O 

TWeHHIl HarpeTOrO @peOHa 112 A (TO'iKa NIaBneHAIi 40,5”C) B TOJlCTOCTeHHOfi Tpy6Ke M3 JbAa. 

Oco6oe BHRMaHHe yJlensnocb nnasnemno CTeHKI( B pe3ynbTaTe AeitCTBHR Ha He6 "OTOKa c)peoHa. 

%CneAOBaJIOCb BnHRHHe KaK AaBneHARnpH nOAaYe @peOHa,TaK II TeMnepaTypbl Ha HHTeHCRBHOCTb 

TaRHm nbna nyT&M H3MepeHm KonwiecTsa ~HAKOCTH Ha BbIxoAe ~3 TpyGbl 3a 0npeneneHHblA 

npOM‘%yTOK BpeMeHH. n0 3aMep3UIefi B neARHOfi rpy6Ke 4peOHOBO8 NOTn)lBKe)) OnpeAenSInaCb 

KOH@WypaUHSl AenllHOrO KaHana B 3aBWAMOCTR OT BpeMeHH, AaBJleHIiR M TeMnepaTypbl +peOHa. 

~HCneHHblepe3ynbTaTbl,HaitAeHHbIeC~OMO~bK,~pOCTOSiKBa3~CTa~~OHapHOir MOAenM IInaRJIeHAR, 

CpaBHHBaAHCb C 3KCIEpHMeHTanbHO IIOAy'ieHHbIMH AaHHbIMH IlO TaRHHfO JlbAa. YCTaHOBJleHO. YTO 

MOAenb XOpOIAO 0"HCblBaeT npOl,eCC np,, TeMnepaType @peOHa BblUle 70°C. 3TO CBSiAe'I'CJTbCTByCT 

0 TOM,VTO npouecc nnannenmt crerimi nemfroii TPY~KH 0npeAemeTca poc-rohl H pacnanoM Ha Heti 

~05~ 3aMepswero +peoHa. 


