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Abstract

Experimental investigations dealt with heat transfer of R123 flowing through a narrow vertical channel of 1 mm height with
one wall heated uniformly and others approximately adiabatic. Particular attention was paid to boiling incipience conditions
and nucleate hysteresis phenomena. An inverse problem was dealt with as, on the basis of temperature measurement on
external side of the heating foil (with thermography technique) and the measurement of the electric power supplied to this foil,
it was possible to determine local heat transfer coefficients on the contact surface of the heating wall and the fluid flowing
along the narrow channel. Two models of heat transfer through the heating foil and the isolating glass into the boiling liquid
were proposed and discussed: one- and two-dimensional. In order to solve the two-dimensional inverse heat conduction
problem the method of thermal polynomials was used with application of the least square and Trefftz computational tech-
niques. Some exemplary results of numerical calculations on the basis of experimental data were presented for both models.
The correlations concerning Nusselt number determination for R123 boiling incipience in vertical narrow channel were

developed.
© 2003 Elsevier Inc. All rights reserved.

1. Introduction

An increasing number of high-tech heat exchange
devices are based on heat transfer to liquids during flow
boiling in narrow channels of various geometry and
orientation. Owing to the change of state, which
accompanies boiling, it is possible to simultaneously
meet contradictory demands, i.e. to obtain the heat flux
as large as possible at small temperature difference be-
tween the heating surface and the saturated liquid and,
at the same time, keep small dimensions of heat transfer
systems. On the other hand, boiling incipience, the
appearance of the first bubbles, is not only a funda-
mental problem in boiling heat transfer but also a
practical one in the evaluation of the safety of equip-
ment such as for example, electronic devices or nuclear
reactors. It is known, that under some circumstances,
there can occur a considerable wall temperature rise
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above the liquid saturation temperature before boiling
begins. Under some conditions, the temperature level
required to initiate boiling may be larger than the
allowable maximum wall temperature of the system. It
could result in the destruction of the object being cooled,
already in the single-phase regime. This “temperature
overshoot” called “nucleate hysteresis”, “zero boiling
crisis”, “‘superheated excursion” is significant when
highly wetting diclectric fluids are used. Thus heat
transfer coefficient and heat flux accompanying the
incipience of nucleate boiling in narrow channels and its
behaviour under some conditions constitute some of the
most important issues of heat transfer mechanism.
Relying on the knowledge of boiling incipience, we can
guarantee safe operation of devices.

The authors’ main goals were experimental and theo-
retical investigations into boiling incipience in a rect-
angular vertical narrow channel, where an external wall
was heated uniformly and others were assumed to be
quasiadiabatic. The authors wanted to determine the
impact of various factors, namely pressure, the inlet li-
quid subcooling and the flow velocity on boiling incip-
ience. Another task was to analyse boiling curves
obtained in the experiment.
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Nomenclature

A cross-section, m?

il specific heat of liquid, J/kg K

c, d coefficients

D diameter, m

G liquid mass velocity, kg/m? s

hyy latent heat of vaporisation, J/kg

H height, m

1 current supplied to the heating foil, A
i, j, n natural numbers (i - square root of 1)
L length, m

M, N total number of heat polynomials

o perimeter, m

p pressure, N/m?

Oy volumetric flow rate, m3/s

q heat flux density, W/m?

qv capacity of internal heat source, W/m?
T temperature, K

u liquid velocity, m/s

uy, harmonic polynomials

w width, m

X, Y, Z axes of Cartesian coordinate system

X,y locations (x—distance from the channel in-
let), m

Greeks
a(x) local heat transfer coefficient, W/m? K

or(x)  local heat transfer coefficient, obtained from
one-dimensional model, W/m? K

aa(x), oy (x) local heat transfer coefficient, obtained
from two-dimensional model with applica-
tion of: (1) the least square method and (2)
the Treffz method, W/m? K

0 width, m; standard error

ATy, surface superheating, T, — Ty, K

ATy,  inlet liquid subcooling (T — T1);pers

AU the voltage drop across the foil, V

K

0 approximate temperature

A thermal conductivity, W/m K
u dynamic viscosity, kg/ms

p density, kg/m?

o surface tension, N/m
Subscripts

BI boiling incipience

ch narrow channel

F foil

G glass

h hydraulic

he heated

1 liquid/mixture of liquid and vapour
sat saturation

w wall

2. Brief review of literature

There are not many works published on heat
transfer experimental investigations and theoretical
analysis for various liquids (distilled water, methanol)
flow boiling through rectangular vertical uniformly
heated narrow channels of various dimensions. We
could mention here Peng and Wang (1993, 1994); Peng
et al. (1995, 1996, 1998, 2000, 2001a,b); Peng and
Peterson (1995, 1996); Wang and Peng (1993, 1994).
The authors were interested, among others, in the im-
pact of different parameters (channel geometry, liquid
subcooling, flow velocity) on flow boiling in narrow
channels. They also looked into the flow patterns in
narrow channel boiling.

Orozco and Hanson (1992) investigated boiling in
asymmetrically heated narrow channels of various
depths, inclined at different angles to the horizon. The
researchers focused on the impact of selected parameters
(different geometry of narrow channels, spatial orienta-
tion, liquid temperature at the inlet, flow velocity) on
R113 flow boiling.

Chin (1997) and Chin et al. (1998a,b) dealt with heat
transfer in R11 flow through vertical narrow channel
heated asymmetrically. The set-up Chin constructed was

similar to that one shown in the present paper. The
experiments were carried out in the area of forced con-
vection, boiling incipience and developed nucleate boil-
ing; in laminar and turbulent flows.

In the experiments of Bao and others, (Bao et al.,
2000a,b), R11 and HCFC 123 flowed through a uni-
formly heated, horizontally located narrow conduit. The
local heat transfer coefficient in the boiling zone was
investigated. The impact of selected factors (mass flux,
heat flux density, vapour quality and the system pres-
sure) was examined.

Yan and Lin (1998) gave the results of their experi-
ments which aimed at determining heat transfer coeffi-
cient and pressure drop while R134a flowed through 28
small circular pipes, which constituted a symmetrically
heated plane bundle.

Ammerman and You (1998) used FC-87, which flo-
wed through asymmetrically heated horizontal narrow
channel of different square cross-sections. They were
interested in heat transfer in boiling and forced con-
vection. It was found that the channel dimensions de-
crease enhances heat transfer and is advantageous to the
occurrence of higher heat transfer coefficients.

Wambsganss et al. (1993) conducted experiments on
heat transfer with R113 flowing through a symmetrically
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heated circular narrow channel. The results of heat
transfer coefficients were compared with those calcu-
lated on the basis of correlations proposed by other
authors. Wambsganss and others also identified the flow
patterns, which occurred in flow boiling in narrow
channels, both circular and rectangular (Wambsganss
et al., 1991, 1993).

Kuznetsov and Shamirzaev (1999) presented the re-
sults of experiments for R318C flow through a hori-
zontal annular narrow channel. Heat transfer coefficient
values were determined for various flow patterns and
compared with those calculated from well-known cor-
relations.

Heat transfer experiments under the conditions of
forced convection were of interest for Adams et al.
(1998, 1999a,b). In those experiments the agent flowed,
in a turbulent manner, through uniformly heated nar-
row channels of different hydraulic diameter located
horizontally and vertically. The agent was distilled water
or water-dissolved air mixture. The Nusselt number
determined experimentally was compared with the val-
ues obtained with known correlations.

Ghiaasiaan and Laker (2001) relied on Adams’s re-
sults (Adams et al., 1998, 1999a,b) to conduct heat
transfer analysis of water turbulent flow through circu-
lar narrow channels. The authors wanted to explain
irregularities and contradictory data concerning heat
transfer coefficient and friction factor.

Lazarek and Black (1992) conducted experiments
into boiling heat transfer while R113 flowed through a
vertical circular narrow channel. The authors presented
their equation for Nusselt number. They also observed
the phenomenon of “nucleation hysteresis” occurring in
the flow through minichannels, similarly to Chin (1997),
Chin et al. (1998a,b), Orozco and Hanson (1992) and
Simon (1991). There are only a few surveys providing
experimental results, which aim at finding a theoretical
explanation of boiling incipience and accompanying
“nucleation hysteresis” (Turton, 1968; Brauer and
Mayinger, 1992; Bar-Cohen, 1992; Celata et al., 1992;
Poniewski et al., 2000).

The fact that there are not many works on heat
transfer in boiling and forced convection in narrow
channels results from the amount of difficulties the
experiments involve. Boiling curves and local heat
transfer coefficients, which come as the result of exper-
imental investigations and theoretical analysis, including
correlations, demonstrate high scatter. The measure-
ments were taken for a rather small range of variability
of parameters such as flow rate, pressure and the liquid
subcooling. Boiling incipience and accompanying it
nucleation hysteresis during subcooled refrigerant flow
through a narrow channel seem a good choice as the
subject matter of the experimental and theoretical re-
search. Such investigations are important for practical
engineering applications.

3. Experimental stand and procedure

The diagram of the main loop of the flowing system is
shown in Fig. 1. It consists of: test section with a vertical
narrow channel, rotary pump, compensating tank, heat
exchangers, rotameters and pressure converters.

The diagram of the test section is presented in Fig. 2.
A narrow channel of 1 mm height, 40 mm width, 360
mm length was built in the test section basic part. The
heating element for working fluid (R123), which flows
along the narrow channel from inlet conduit to outlet
chamber, is an alloy foil stretched between the front
cover and the channel body. The heating element 0.004”
(0.1 mm) foil designated as Haynes-230, made of Ni-
Cr-W-Mo high-temperature alloy was selected. It is
possible to observe changes in the foil surface temper-
ature through the opening covered with the glass. There
are a base coat and liquid crystals spread between the
foil and the glass. Due to thermography (Piasecka, 2002;
Hay and Hollingsworth, 1998) and the data acquisition
system (Fig. 4), it is possible to measure temperature
distribution on the heating wall. The test section rear
cover contains channels, to which water is fed, or which
are air gaps, Fig. 2. Due to these auxiliary channels it is
possible to maintain the desirable temperature on the
wall, which is treated as quasiadiabatic. There are five
thermocouples soldered to the bottom wall of the water
channel and two others located of the auxiliary channel
inlet and outlet, Fig. 2. The narrow channel inlet and
outlet is equipped with two thermocouples and two
pressure converters.

Temperature distribution recording on the surface
under examination is performed by the following system:

o The test section with a narrow channel (Fig. 2), where
the heating foil, base coat and thermochromic liquid
crystals are located, Fig. 3.

e CCD colour video camera equipped with the device
decomposing video signal into the RGB signal and
zoom lens with manual control located straight in
front of the examined object (Figs. 3 and 4a).

¢ [llumination system, which consists of two white light
sources located at the same distance and at the same
angle with respect to the object examined. Those are

Fig. 1. The diagram of main loop of the flowing system: #1—test
section with a narrow channel; #2—pump; #3—compensating tank;
#4, #5, #6—heat exchangers; #7—rotameters; #8—pressure convert-
ers.
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Fig. 5. One- and two-dimensional models diagram.

fluorescent lamps emitting ‘“cool white light” (the
lamps distance from the illuminated surface and the
angle at which the light falls are adjustable), Fig. 4a.

The diagram of the system of acquisition of colour
images and their further processing is presented in Fig.
4a. The system allows colour image projection directly
on the computer monitor in real time, image preserva-
tion in RGB format and its transfer to the computer for
further analysis, simultaneous projection of the real time
image on the recorder monitor as well as the image
recording on the video tape. The software working with
frame grabber and the one processing the measurement
data complements the system. The registration of the
remaining measurement data is carried out with Keithley
500 A data acquisition station equipped with ViewDac
software installed at another computer (Fig. 4b).

What is sought is the heat transfer coefficient during
the incipience of boiling on the surface separating the
heating foil and the boiling fluid (Fig. 5). That is an
inverse problem, in which with application of tempera-
ture measurement at the system internal points (tem-
perature distribution on the heating foil on the side of
the glass) and the measurement of the electric power
supplied to the heater, one can calculate the requested
local heat transfer coefficients on the heating wall sur-
face contacting the boiling fluid (Piasecka, 2002; Piase-
cka et al., 2003).

4. Experimental parameters
4.1. Quantities set
e Heat source capacity (heat flux volumetric density)

gv supplied to the heating wall, determined from
the formula:
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I1-AU

= A or (1)

qv

4.2. Quantities measured
Thermal and flow parameters:

e local temperature of the heating foil T, (x), deter-
mined from the hue distribution on the surface;

e the temperature of the investigated fluid at the chan-
nel inlet 7jne and outlet Tj gygiet;

o the temperature of the quasiadiabatic back wall of
the narrow channel at five different points and the
temperature of water at the auxiliary channel inlet
and outlet;
volumetric rate of flow Qy, (rotameters readings);
positive gauge pressure at the inlet pj,c and outlet of
the narrow channel pguee (pressure converters read-

ings);
Electrical parameters:

e the voltage drop over a definite heating foil length
AU;
e the current supplied to the heating foil 7.

4.3. Quantities calculated

Quantities, which characterise heat transfer and the
fluid flow:

e local heat flux density gy (x) and local heat transfer
coefficient o(x), determined with the use of one- and
two-dimensional models of heat transfer through
the foil and glass,

o the temperature of the fluid in the narrow channel,
determined form the enthalpy balance (Chin, 1997,
Chin et al., 1998a,b; Piasecka, 2002):

qw(x) ¥ (2)

T :Tine 4. .
1(x) Linlet + G- cn D

where Dp.—equivalent heated diameter, Dy = 4-
Aen/ Ohe, One—heated perimeter, One = Hep,.
e Local Nusselt number Nu(x):
-D
Nu(w) = 2002 o)
A

where Dy—hydraulic diameter calculated from the
formula:

2- Ach

Dy = — 2 4
" Wen + Hen “)

e local surface superheating ATy, (x):

ATsat(x) - Tw(x) - Tsat(x) (5)

e subcooling at the inlet ATg:

ATsub = (Tsat - Ii)inlet (6)
e liquid flow velocity in the channel u:
Ov
Uu=-— 7
. (7)
e mass flow velocity G:
G=p-u (8)
e Reynolds number:
- D
Re =G D )
H

e local pressure in the narrow channel p(x) assumed to
change linearly from the channel inlet to the outlet.

The basic physical properties of the liquid are assumed
in accordance with the literature (McLinden, 1995).

4.4. The range of experimental parameters

The variation range of parameters characterising
experimental investigations are presented in Table 1.

4.5. Experimental procedure

On the basis of results obtained in the form of images
of colour distribution on the heating foil, Fig. 6, the
procedure for the experiment will be discussed. These
images correspond to the temperature distribution on
the heating foil, while increasing and later decreasing the
heating power supplied to it.

The experiment starts with increasing the current
supplied to the heating foil, during R123 laminar flow
through a narrow channel. First, the heat transfer be-
tween the heating foil and the working fluid in the nar-
row channel proceeds by means of single phase forced
convection (Fig. 6—first eight images). It is recognisable
as the appearance of subsequent hues in the visible
spectrum sequence and points to the gradual increase in
the heating temperature surface (black colour on the
surface being observed, indicates that the surface tem-
perature is higher or lower than the liquid crystals sen-
sitivity range). The condition, which must be met for the

Table 1
The variation range of basic parameters in experimental investigations
(Piasecka, 2002)

Quantities set gy [kW/m?] 6.63x10*-1.17x 10°
Quantities Ov [m/s] 3.88x107°-1.90x 1073
measured Pinlet [kPa] 126-345
Quantities qw [kW/m?] 6.7-118.8
calculated ATy K] 23.3-71.1
u [m/s] 0.10-0.48
G [kg/ms]  143-710
Re L] 618-2890
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measurement series to begin, is the occurrence of stable
“boiling front” on the heating wall (Fig. 6, image #9). It
seen as vehement hue changes on the heating foil, taking
place inversely to the spectrum sequence, then black hue
returns. That indicates a sudden heating wall tempera-
ture drop at almost constant heat flux. It is treated as the
evidence of boiling incipience (BI) and it clearly separates
the region of single phase forced convection from the
region where nucleate boiling occurs. When the heat flux
supplied to the foil increases, the “boiling front” moves
in the direction opposite to the direction of the liquid
flow in the channel. It can be observed clearly while
analysing images from #9 up to #27, Fig. 6. When we
continue increasing the heat flux, and the heating wall
temperature exceeds the sensitive range of liquid crystals,
another hue change is observed on the heating surface in
the visible spectrum sequence (Fig. 6, image #22). It is
accompanied by pressure increase in the channel, flow
fluctuations, sharp increase in the liquid temperature in
the flow core and flow resistance fluctuations. All these
suggest that the amount of vapour phase in the boiling
vapour-liquid mixture has grown and developed nucle-
ate boiling appeared (Fig. 6, images from #22 up to #43).

Then the current supplied to the foil is gradually re-
duced following the occurrence of saturated navy blue
hue on the foil surface (Fig. 6, images from #44 up to
#63). Mild hue changes, in the direction opposite to the
spectrum sequence are observed to accompany the de-
crease in the current supplied to the foil. As a result,
heat transfer returns to forced single phase convection.
The heat flux decrease makes the boiling “fading away”
start earliest at the channel front part.

5. Assumptions for both models

e The liquid crystal layer on the heating foil is very
thin, therefore it is disregarded in considerations.

e In the system under investigation, the state is steady.

e Changes in the temperature of the foil and the liquid
as well as the fluid velocity along the axis Z are disre-
garded, Fig. 5.

6. One-dimensional model

One-dimensional model put forward in (Chin, 1997;
Chin et al., 1998a,b) and modified in (Piasecka, 2002;
Piasecka et al., 2003) is based on the equations of en-
ergy balance for individual control volumes of the test
section. The analysis was carried out in respect of
isolated volumes, separately for the foil and the glass.
The investigations took into account the dimension
along the flow direction—X, but the dimension per-
pendicular to it—Y, was related only to the foil or glass
thickness.

g
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=0 3
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de, ¢ 3
3 * 5
_.dx dg
E d . 455 z
X 5 ax =1
© Za v*B*bF/qV6fdx
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Fig. 7. The detailed energy balance in one-dimensional model.

Fig. 7 presents heat fluxes transferred to control
volume of foil or glass, per narrow channel width, as the
product of heat fluxes density and either the thickness or
the elementary length of each layer.

The heat balance equation for control volumes can be
presented as follows:

(1) for foil:
grx - OF + qv - OF - dX = Grxidx - OF + GFyt56 - dx

+ GF o6+ dx (10)
(2) for glass:
4G - 06 + qcy+o - X = ¢Grrax - OG (11)
(3) for the foil-glass interface:
CIF,y+6G ) dx = qG.,y+z3G ° dx (12)
We assume:
2 2
Ti T
A7 _d'Ts (13)
dx? dx?

which constitutes the extension of the condition, which
results from Eq. (12). It can be applied owing to the
small thickness of the partition, in which conduction
process is accounted for. At the same time, it was as-
sumed that the derivative of the temperature gradient on
the heating foil is equal to the temperature gradient on
the foil surface, read from liquid crystals hue distribu-
tion.

As a result of transformations and after the intro-
duction of the dependences resulting from Fourier’s law,
we obtained the local heat transfer coefficient calculated
from the equation:

(- 0+ d - 06) - (= 4% ) +gv - or
Te(x) — Ti(x)

In Eq. (14) it is necessary to determine the second
derivative of the heating wall temperature along the
narrow channel length. The method of the least squares

o (x) = (14)
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was applied to the function 7y = T¢(x) polynomial
approximation.

7. Two-dimensional model

In the two-dimensional model the dimension per-
pendicular to the flow direction was also taken into
account (Piasecka, 2002; Piasecka et al., 2003; Hoze-
jowski et al., 2003).

The process of heat transfer in a two-layer wall,
shown in Fig. 5, is described with the following equa-
tions:

(1) in foil:
asz 62T1: . ql

- _ 1
@ T2 T (15)
(2) in glass:
Pl *Tg
=0 16
Ox? * 0y? (16)

and the boundary conditions concerning 7g and T are
shown in Fig. 8.

We shall use harmonic polynomials in the solution of
the problem under consideration. Harmonic polynomi-
als u,(x, y) which satisfy Eq. (15) are defined as the real
and imaginary part of the holomorphic function
(x +1ip)":

Re((x + iy)%) for odd n

nt (17)
Im((x + iy)Tl) for even n

u,(x,y) =

The unknown 7g and 7¢ will be approximated with a
linear combination of the harmonic polynomials u,(x, y):

8r 3¢
Tl,oublsb a TF _ a T’G _
ax U ax U
= )
g 3
3 & :
TN o
LI 3]
3 3 ) !
RIS o :
hat E- 5 E [
o) . ~ 3 3y o
5 I 9, - g i g
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Fig. 8. Boundary conditions for a two-layer wall.

N
To(x,y) = O6(x,y) = Y _ cai(x, ) (18)
=0
M
TF(xay)_il(xvy)ng(xay):Zdjuj(xay) (19)
=0
where i(x,y) = — £ y* is a particular solution of Eq.
(15).

The unknown coefficients ¢; (i =0,1,...,N) and d,
(j=0,1,...,M) are obtained with Trefftz or the least
square techniques. In the computational procedure the
approximation of Tg will be obtained first and 7f next.
Provided Tg(x,y) on the boundary y= dg+ dp is
known, we are able to compute the heat transfer coef-
ficient from the following boundary condition:

@Tp(x, 5G =+ 5]:) -
F——————— =

.y} o

o (Tr (x, 0 + or) — Ti(x)) (20)

8. Experimental results
8.1. Boiling curves

Boiling curves are obtained on the basis of data, while
increasing and later decreasing the heat flux supplied to
the heating foil. They are usually constructed for the
selected points in the channel (at selected distance from
the inlet), where heat flux density depends on the heating
surface superheating ATy, = Ty, — Tyae at some specified
points in the channel.

Boiling incipience zone is very sensitive to even slight
changes in the heat flux density and pressure fluctua-
tions. While conducting experimental observations of
boiling incipience and nucleation hysteresis it is, there-
fore necessary to control, very accurately, all changes in
the heat flux provided. The minimum and the maximum
values of the heat flux supplied to the foil are limited by
the sensitivity range of liquid crystals, applied to the
heating surface temperature detection. The value of the
temperature drop following the boiling incipience does
not have to be observable in the experiment, when the
heating surface temperature diminishes to the value
below the liquid crystals sensitivity range, Fig. 9.

Fig. 9 shows a typical shape of a boiling curve. While
increasing the heat flux density (from point A to point
Bl—nucleate boiling incipience), the heat transfer be-
tween the heating foil and subcooled liquid flowing up-
ward the narrow channel proceeds by means of single
phase forced convection. In the foil adjacent area, the
liquid becomes superheated, point BI, whereas in the
flow core it remains subcooled. The increase in the heat
flux density results in vapour nuclei activation on the
channel heating surface. Boiling incipience comes
spontaneously for the superheating ATy, = 25-30 K
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Fig. 9. Typical boiling curve, Qy = 1.1 x 107> m’/s; G = 412 kg/m’s;
u=028 m/s; Re=1 646; pinee =190 kPa; ATy, =360 K;
gv = 8.07 x 10-8.73 x 10° kW/m?; ¢,, = 8.2-88.6 kW/m>.

(Piasecka, 2002), point BI. Spontaneous nucleation
causes the heating surface temperature drop, for almost
constant heat flux density. It is visible as drop from point
BI to point C. Further increase in the heat flux density
leads to developed nucleate boiling, section C-0D.
Decreasing the heat flux, starting at point D, proceeds
along the same line in boiling curves, in the opposite
direction, section D-C. Leap heating surface temperature
decrease results from vapour bubbles spontaneous for-
mation in the wall adjacent layer. The bubbles function
as internal heat sinks, absorbing a significant amount of
energy transferred to the liquid (Bilicki, 1997; Bohdal,
2001, Piasecka, 2002; Piasecka and Poniewski, 2002,
2003a,b). The shape of experimental boiling curves
shown in Figs. 10 and 11 is different from the typical
boiling curve (Fig. 9). The differences are clearly seen in
the region of developed nucleate boiling. Such boiling
curves demonstrate two-stage, “stepped” course of
nucleation hysteresis in the region of developed nucleate
boiling. So far similar hysteresis course, corresponding to
IT kind hysteresis, has manifested itself in pool boiling

x=0.059m
90000 E. 9w T fully developed nucleate boiling
75000 o 4,
60000
o |
45000
§
c%_ 30000
single phase forced convection
15000
2 4 6 8 10
Tw- Teat K]

Fig. 10. Exemplary boiling curve with II kind hysteresis:
Ov =134 x107° m’/s; G=502 kg/m?s; u=0.34 m/s; Re = 1983;
Pinlet = 179 kPa; ATy = 32.7 K; gy = 1.22 x 10°-6.31 x 10° kW/m?;
qw = 12.4-64.1 kW/m?.

x=0.095m
G T fully developed nucleate boﬂing/
110000} % ¥ P
85000 : ‘,.'
o~ 60000f ——CT" ., =
&
=
é 35000 o \
B .
3 Rt ]
A
10000 / single phase forced convection
7500
20 25 30 35 40 45 50 55
Tw - Tf [K]

Fig. 11. Exemplary boiling curves with II kind hysteresis:
Ov = 1.34 x 1075 m%/s; G =501 kg/m?s; u = 0.34 m/s; Re =2 015;
Dinter = 247 kPa; ATy, = 41.3 K; gv = 1.17 x 10°-8.01 x 10° kW/m?;
qw = 11.9-81.4 kW/m?.

investigations, carried out for capillary-porous, metal
and fibrous micro-surfaces, manufactured with various
techniques (Poniewski et al., 2000). The above-men-
tioned boiling curves are characterised by smaller tem-
perature drops, ATy = 15-20 K (Piasecka, 2002). In
both cases, for nucleate boiling, the increase in the
heating surface superheating while the heat flux grows, is
carried out at far lower densities of the heat flux, sections
B-C, than when the heat flux diminishes, sections C-D.
For decreasing densities of the heat flux, much higher
values of the heat transfer coefficients are obtained. It
means that nucleation centres activated while the heat
flux density was growing, still remain active when the flux
decreases.

The boiling curve, Fig. 11, was plotted in the system
gw = qw(Tw — T1), not in gw = gw(Tw — Tsat). Such forms
of boiling curves can be often found in the literature on
the subject (Bohdal, 2001). Observations (Piasecka,
2002) led to the statement that at elevated pressures,
Pinlet > 200 kPa, and high subcooling at the inlet,
ATgp > 40 K, the local value of the saturation temper-
ature was lower than the heating surface temperature.
At the same time, the “boiling front” was observed to be
correctly moving, at heat flux increase, in the direction
opposite to the flow direction. That means that the
temperature of the superheated wall adjacent layer was
much higher than the liquid temperature in the core, and
the average liquid temperature was lower than the sat-
uration temperature. Thus, relying on the temperature
difference ATy = Ty — Tear Would lead to a false con-
clusion that the surface is not superheated when com-
pared with the liquid mean temperature. The instance
given here refers to a vapour bubble, generated on the
heating surface, which at the same time, condenses
intensively in the flow core because of the low liquid
temperature. Therefore, it becomes a very active heat
sink, which results in the heating surface temperature
drop below the local liquid saturation temperature.
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Trefftz techniques (Fig. 15). The pre-set value gy is given
in the figure Experimental parameters for the results:

8.2. Heat transfer coefficient calculation

Exemplary calculation results are presented in the

form of foil temperature dependence on the distance e Figs. 12a, 13a, 14a and 15a: as for data presented in

along the channel length (Fig. 12), heat transfer coeffi- Fig. 6.
cient dependence on the distance along the channel e Figs. 12b, 13b, 14b and 15b: as for data presented in
length, calculated according to one-dimensional model Fig. 9.

e Figs. 12c, 13c, 14c and 15c: Qy = 1.0 x 107> m?/s;
G =373 kg/m?s; u=0.25 m/s; Re = 1540; pipet =
170 kPa; ATy, = 36.0 K.

(Fig. 13) and to two-dimensional model with the appli-
cation of the method of the least square (Fig. 14) and
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Fig. 12. Foil temperature dependence on the distance along the

channel length.

Fig. 13. Heat transfer coefficient dependence on the distance along the

channel length, calculated according to one-dimensional model.
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Fig. 14. Heat transfer coefficient dependence on the distance along the
channel length, calculated according to two-dimensional model with
the application of the least square technique.

9. Boiling incipience correlations

While working out the results of experimental inves-
tigations, the following similarity numbers were used
(Piasecka, 2002):

e Nusselt number with heat transfer coefficient calcu-
lated from Eq. (14):

o1 - Dp

N =
upg X

(21)

200

0.000.040.080.12 0.16 0.20 0.24 0.28

(c)

Distance x [m]

Fig. 15. Heat transfer coefficient dependence on the distance along the
channel length, calculated according to two-dimensional model with
the application of Trefftz technique.

e Reynolds number (Eq. (9)),
¢ boiling number:

Bo =T oy (22)
u
e Prandtl number:
p—t ;Cpl (23)
Al

In accordance with the requirements of dimensional
analysis, the dependence for Nusselt number was written
as follows (Piasecka, 2002; Piasecka and Poniewski,
2003b):
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Fig. 16. Correlation for predicting R123 boiling incipience in a narrow
channel, according to Eq. (26).

Nug = 2.39 - Re"® - Bo"*7 . pr=17! (24)

In Eq. (24), the exponents in Re and Bo numbers are
approximately of the same value, so for further con-
siderations the product of Re and Bo numbers was as-
sumed as one dimensionless parameter, thus arriving
at the equation form:

Nug; = 2.23 - (Re - Bo)*® - p120 (25)

As in the range of experiments covered by the study, the
values of Pr changed in a relatively small interval, it was
removed in a subsequent equation, thus yielding:

Nug; = 1.24 - (Re - Bo)""! (26)

In order to estimate regression parameters values, 464
measurement results for R123 nucleate boiling incipi-
ence in the narrow channel were accounted for. The data
were collected for point BI, where the constant heat flux
was supplied to the heating surface. Nug; number cal-
culated from Eq. (26)—Fig. 16, was compared with
Nusselt number, determined experimentally, Eq. (21).
Standard errors of calculated Nusselt number, amount
to ~0.4, whereas determination coefficients R?, being the
measure of regression line matching accuracy (in the
logarithmic system)—=0.7.

The equations analysed by the authors demonstrates
congruence with over 99.6% of observable ‘“boiling
fronts”, the tolerance being +25%. These dependences
refers to the following range of similarity numbers:
6.06 < Nupgy < 17.09; 580 < Re <2960; 5.49 < Pr<6.22;
1.34 x 1074 < Bo < 7.00 x 1074,

10. Analysis of experimental data and numerical calcula-
tions

The values of local heat transfer coefficients, obtained
for one- and two-dimensional models demonstrate high
congruence. In general, the following regularity should

be noted: heat transfer coefficient values obtained for
one-dimensional model are higher than two-dimensional
model ones. The differences are thought to result from
simplifications assumed in one-dimensional model,
which does not cover the temperature gradient in the
direction perpendicular to the fluid flow. Thus, we may
assume that one-dimensional model can be successfully
applied to work out the results of experimental investi-
gations concerning heat transfer in the liquid flow
through a narrow vertical channel. It happens so be-
cause the local values of heat transfer coefficient are not
greatly affected, provided that a very thin heater (0.1
mm) is applied. In the majority of examples, the values
of the local heat transfer coefficient obtained for one-
dimensional model (Fig. 13) are higher than those for
the two-dimensional one, solved with the use of the least
square technique (Fig. 14). On the other hand, the val-
ues of heat transfer coefficient computed with Treffz
equations are generally close to, or locally higher than
those resulting from one-dimensional model. The
greatest divergences are observed for the highest settings
gv (Fig. 15a and c). The local heat transfer coefficient
dependence on the distance from the inlet, determined
from two-dimensional model with the use of the least
square technique (Fig. 14), demonstrates polynomial
character, with smoothed extremes, which leads to
averaged or rounded results.

11. Conclusions

In narrow channel boiling, a considerable heat
transfer enhancement took place at boiling incipience. It
was observed as a sharp increase in the heat transfer
coefficient. The values of the local heat transfer coeffi-
cients, obtained for one- and two-dimensional models
demonstrated high congruence, which confirmed that
strong simplifying assumptions were rightly made for
one-dimensional model. The phenomenon of ‘“nucle-
ation hysteresis’” was also observed, it was accompanied
by a considerable heating surface temperature drop (up
to 50 K). The appearance of boiling incipience was
associated with the activation of some nuclei on the
heated wall. It manifested itself as a sudden decrease in
the wall temperature, as bubbles behaved to be acting
like heat sinks. Apart from familiar shapes of boiling
curves with one-step nucleation hysteresis available in
the literature, a two-stepped course of the phenomenon
was observed, similar to II kind hysteresis, characteristic
of nucleate pool boiling on developed micro-surfaces.

The dimensionless numbers chosen to develop cor-
relations—Re, Pr and Bo, yielded the best results. For
the majority of the equations, almost all measurements
show congruence with calculations with small tolerance
+25% which confirm a good choice for the sake of heat
transfer calculations in narrow channel boiling.
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