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Prediction of Minimum Heat Flux for Water
Jet Boiling on a Hot Plate

Zheng-Hua Liu*
Shanghai Jiaotong University, 200030 Shanghai, People’s Republic of China

A theoretical analysis was carried out for predicting the minimum heat flux (MHF) point of boiling curves
for water jet impingement boiling on the horizontal high-temperature plate at the jet stagnation zone with the
same size as the nozzle. Simplified two-phase flow boundary-layer equations were used to derive a limiting flow
condition of the steady vapor layer, and from it the qualitatively theoretical equations were obtained for predicting
the MHF point. The equations factors were determined from the experimental data presented by the author and
other researchers. Semitheoretical correlations were proposed for predicting the wall superheat and the MHF at
the MHF point, and these correlations agreed with existing experimental data.

Nomenclature
a = empirical correlation factor
c, = specific heat,J-kg=' K
d = diameter of nozzle, m
f = empirical correlation factor
hs, = latentheat of evaporation,J - kg™
h’fg modified latent heat of evaporation,
hfg + Cp.u[(Tw + Tsal)/z - Tsal]» e kgil
Nu = Nusselt number
P = pressure, Pa
Pr = Prandtl number
g = heatflux,J-m2s!
Re = Reynolds number
r = radial coordinate, m
T = temperature, K
u = velocity in the radial direction, ms™!
V= velocity in the vertical direction, ms~!
y = vertical coordinate, m
¥ = vertical coordinate (Fig. 1b), m
o = heattransfer coefficient, J - m2K~! s~!
8 = thickness of boundary layer, m
A = thermal conductivity,J - m~'K~! s7!
n = viscosity,Pa-s
v = kinematic viscosity, m?>s™!
p = density,kg-m™3
T = interface stress, Pa
Subscripts
a = atmospheric
l = liquid
M = minimum heat flux point
r = radiation
s = stagnation
sat = saturated
sub = subcooled
t = temperature or thermal
v = vapor
w = wall
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8 = vapor-liquid interface
0 = (initial position at the exit of nozzle
o0 = mainstream zone of liquid flow

Introduction

ATER jet impingement cooling has been widely used as a

highly effective cooling method in the iron and steelindustry,
such as in hot-rolling, continuous costing, and forging processes. In
accord with the temperature ranges of the heat transfer surface, the
heat transfermodes may be dividedinto forced convection,nucleate
boiling, transition boiling, and film boiling.!~'? In particular, it is
very important to understand the heat transfer characteristicsof film
boiling and transition boiling for actual cooling processes of hot
strip mills.

For forced convective heat transfer of water jets, a great variety
of theoretical and experimental studies have been reported in the
open literature.'~> Miyazaki and Siberman® and Watson’ carried
outnumericalstudieson velocitydistributionsand forced convective
heat transfer characteristics.

For nucleate boiling of water jets, many experimental investiga-
tions have been conducted to understand the boiling heat trans-
fer characteristics of water or liquid freon jet flow.*~' Ma and
Bergles'! carried out an experiment studying jet impingement nu-
cleate boiling for a small hot surface. Kumagai et al.'>'> experi-
mentally investigated transition boiling heat transfer characteristics
of two-dimensional water jet flow on a large flat plate. In addition,
Katto and Yokoya'* and Monde and Mitsutake'> proposed several
correlations for prediction of the critical heat flux for liquid jet im-
pingementboiling on large heated disk surfaces.

These researchers® "> found that, when transition or film boiling
occurs on a high-temperature plate whose scale is much larger than
the scale of the jet nozzle, the liquid flow has broken, and the whole
cooling zone is divided into a jet stagnation zone (black zone) and
a mist cooling zone (drying zone). In the jet stagnation zone, a
mainstream liquid layer flows above a steady vapor layer. In the
mist cooling zone, the liquid layer and the vapor layer break up and
become a mist flow, which consists of liquid drops and vapor. In this
case, the wall temperatures and the local heat transfer coefficients
would strongly vary along the flow direction; hence, measurement
of the wall temperatures and wall heat fluxes are very difficult.

Most previous studies for water jet impingement boiling focused
on the nucleateboilingregion and the critical heat flux pointbecause
the sizes of the jet nozzles were much smaller than those of the heat
transfersurfacesin these studies. The experimentaldatain transition
and film boiling regions is insufficient.

Limited work has been reported for film boiling of water jet im-
pingement on a stagnationzone having the same size as the nozzle.
In this case, both wall heat fluxes and wall temperatures are uni-
form on the entire heat transfer surface.!®~!® Ishigai et al.'® carried
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out an experimental study for film boiling heat transfer of two-
dimensional water jets. Nakanishi et al.!” experimentally investi-
gated the transition and film boiling heat transfer characteristics of
a two-dimensional water jet in detail and proposed an empirical
correlation for the minimum heat flux (MHF) data. These studies
investigated mainly the effects of the primary governing parame-
ters, that is, the subcooling and impact velocity of the water, on
the film boiling heat transfer. Most recently, Liu and Wang'® con-
ducted a theoretical and experimental study for the film boiling heat
transfer characteristics of water jets in the stagnationzone and pro-
posed a semitheoretical correlation for predicting the film boiling
heat transfer coefficients.

For water jetimpingementboilingon a hot plate, the assessmentof
the MHF pointis very importantin the two differentboiling regions
of transition and film boiling. The assessment of the MHF point
is also difficult and has not been systematically studied yet. Previ-
ous modeling techniques used for the MHF point in pool boiling or
convective boiling in crossflow can be grouped into two major cat-
egories: 1) the thermophysics model or the temperature controlled
model and 2) the hydrodynamic instability model or the heat-flux
controlled model. In the former model, the MHF-point temperature
is regarded as the dominant factor that determines the MHF point,
and thus, the value of the MHF-point temperature is analyzed. The
MHF-point temperature is related to the so-called maximum wet-
ting temperature where liquid—solid contact can occur.'*?® A typi-
cal model of this kind is the foam limit model proposed by Spiegler
etal.” In the latter model, the minimum heat flux is related to a type
of critical energy density. The Kelvin—-Helmholtz instability wave-
length is used to determine the length scale of the vapor film unit,
and from it, the minimum heat flux can be obtained. Typical mod-
els of this type are the hydrodynamic instability models proposed
by Zuber,?! Berenson,?? Lienhard and Wang, ?* and Lienhard and
Dhir.**

In this study, a new, special approach was adopted to clarify the
MHEF-point flow condition. A simplified two-phase flow model was
used to qualitatively derive the hydrodynamic limiting condition of
steady film boiling, that is, the hydrodynamic limiting condition of
steady vapor layer existing on the heat transfer surface. From this
model, semitheoreticalcorrelations were obtained for predictingthe
MHF point. Then the correlation factors were determined experi-
mentally from available MHF-point data proposed by the authorand
other researchers.

Simplified Theoretical Analysis

Film Boiling Region

Liu and Wang'® have carried out the theoretical analysis for pre-
dicting the heat transfer coefficients for the film boiling region.
However, this analytical process still needs to obtain the hydrody-
namic limiting condition of steady vapor layer existing on the heat
transfer surface. Figure 1a is a schematic diagram of the analytical
model, Fig. 1bis a schematic diagram of the boundarylayer of vapor
and liquid and coordinates for the steady film boiling region, and
Fig. 1c illustrates the limiting flow condition of the vapor layer and
liquid layer at the MHF point. Here, a round water jet of diameter d
impinges vertically on a circular flat plate, with an initial jet velocity
Vo and an initial water temperature 7 at the exit of nozzle. For film
boiling on a high-temperature flat plate, the heated surface can be
divided into a central jet stagnation zone and a surrounding mist
cooling zone. In this study, only the stagnation zone is considered
with the analytical region defined as 0 <r <d/2. If the impinging
velocity or the stagnation velocity on the heat transfer surface is
used as the flow parameter, instead of the outlet velocity at the jet
nozzle, the influence of the jet heightneeds not be considered.In the
stagnationzone, vapor forms a very thin layer on the heated surface,
and the vapor-liquid interface is assumed to be smooth. The thick-
ness of vapor layeris so thin that the inertial forces and the pressure
differences in the vertical direction can be neglected, whereas the
temperature distribution is linear in the vapor layer. This simplified
modelingtechniqueis similarto the well-known Nusselt analysisfor
laminar film condensationon a vertical plate. We assumed here that
no couplingrelation exists between the radiative and the convective
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Fig. 1 Schematic diagrams of the physical model and coordinate sys-
tem: a) analytical zone, 0 < r < d/2, b) boundary layer of vapor and
liquid for steady film boiling region, and c) limiting flow condition of
the vapor layer at the MHF point.
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heat transfer, such that the radiative heat transfer can be calculated
independently as with the Bromley et al. treatment >’

Figure 2 is a schematic diagram of the heat flux distribution. The
wall heat flux can be divided into three parts, that is,

qw =4y +q + g, (D

In part 1, g, is used for the superheating for the generated vapor,
qy.1, and the evaporationfor the liquid, g, ». The formeris secondary
compared with the latter, and its effect can be neglected or included
in a modified latent heat. In part 2, g, is used for the heat transfer
into the subcooled liquid. In part 3, g, is the radiative heat transfer
and is used for heating the subcooledliquid or for the evaporationof
the saturated liquid. Here g, can be neglected for highly subcooled
liquid because it is much less than g;.

Attheinterfaceof the velocityboundarylayer of the liquidand the
mainstream flow zone, the radial velocity of liquid can be described
as’®

Up.oo/ Vs =r/d @



where V is the stagnation velocity at the center of the stagnation
zone and is equal to the initial velocity at the exit of nozzle, Vy, if
the effect of gravity is neglected.

When it is assumed that the vapor layer does not affect the pres-
sure profile and velocity distribution in the mainstream liquid flow
zone, then at the vapor-liquid interface y = §, and the distribution
of pressure and the radial velocity can be expressed as®’

(P = P)/(P— P)=1—(2r/d) 3)

C)

where P; is the stagnation pressure at the center of the stagnation
zone, P, = (1/2)p, Vf + P,, and P, is the atmospheric pressure.

Inside the velocity and the thermal boundary layers of liquid,
the distributions of velocity and temperature are taken as parabolic
distributions’®® [Egs. (2) and (4) and Fig. 1b],

(U = t1.00)/ (s — 1. 0) = 1 = 20/ /8) + 1 (' /8)?

us/ Vs =2r/d

)
(©)

where §; and §, are the thickness of the velocity boundary layer and
the thermal boundary layer of liquid, respectively, and T}, and T
are the saturation temperature at the vapor-liquid interface and the
mainstream temperature of liquid, that is, the initial temperature at
the exit of the jet nozzle. We take, as usual 2

(T =T/ (T —T)) =1—=3('/8) + 3(/'/8,)°

hs
8, =8 Pr,° (7)

Inside the vaporlayer, the momentum equation is simplified as®

3%u, 9P
- T

- (8a)

Y= 07 u, = 07 Y= 81}7 U, =us (Sb)

Integrating Eq. (8) and substituting Egs. (3) and (4) into Eq. (8)
yields

w, = (2rV2 o1/ 1,d?) (8, — y*) + @rVi/d)(y/8,)  (9)
At the vapor-liquid interface y = §,, the interfacial stress is?
au,, au, (10)
Ty = Upy=—— = —
s = M 3y i 3y

SubstitutingEgs. (5) and (9) into Eq. (10) and defining Re; = V,d /v,
then yields

8 =2/ 1) [ [ Rey /1) (8, /d)* — 1] (11)

At any section of the radial direction in the vapor layer, r, the

vapor mass that flows out the vapor layer along the radial direction

equals to the generated vapor mass from the vapor-liquid interface.
This balance yields the following mass conservation equation:

&y
/ 2rrp,u, dy =
0

The superheating effect in the vapor is neglected in Eq. (12). This
simplification can be easily modified by using a modified latent
heat of evaporation, h’fg =hs+c, (T, + T) /2 — Tyl instead
of hfg 5

Substituting Eq. (9) into Eq. (12) yields

qv/thglov Vx = Re//3(ﬂl/uv)(8v/d)3 + (av/d)

7rig,

7y (12)

8

(13)

At the vapor-liquidinterface, the convectiveheat flux through the
thermal boundary layer of subcooled liquid would be (Fig. 1b)

oT;

= 14
vl (14)

q = —x
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Substituting Eqs. (6) and (7) into Eq. (14) yields

1
@ =M ATwPr [5 (15)
where ATy, = (Tya — Tp) denotes the liquid subcooling.

In wall heat flux g,, both g, and g, pass entirely through the
vapor layer (where g, supplies the evaporative heat for the liquid
at the vapor-liquid interface), reaching the vapor-liquid interface
by thermal conduction. Hence, in accord with Fourier’s law (see
Ref. 26)

q + qdv = ATsal)‘-v/av (16)

Equations (11), (13), (15), and (16) have constructed a closed
system of equations to solve for §,, §;, g;, and ¢, using a known
ATy Therefore, analytical solutions of film boiling heat transfer
can be obtained. Here AT, = (T,, — T,) is the wall superheat.If §,
istakenas a known variableinstead of A Ty, thend,, q;, q,,and AT,
correspondingto 8, can be easily evaluated. The film boiling curves
of g,, against AT, can be plotted. In accord with trial calculations,
the range of §, is about 20-100 pm.

From Egs. (11), (13), (15), and (16), §,, &, q:, and g, are inde-
pendent of r. Therefore, the constant wall temperature condition
corresponds to the constant wall heat flux condition, and the wall
temperature and the wall heat flux would be uniform in the stagna-
tion zone.

For steady film boiling, Re;(14;/14,)(8,/d)? is much greater
than unity. [Re; ~ 10° —10%, (1 /100) &30, 8, is on the order
of several tens of micrometers, and d is several millimeters.
Re; (/] hy) (8, /d)? > 10.] Hence, Egs. (11) and (13) may be sim-
plified as

8 = 2(d*/Re;8,) (17)

qv/hfglov V.Y = %(av/d)z(/-l’//uv)Rel
For saturated liquid, ATy, =0, and ¢, = 0 from Eq. (15). There-

fore, from Eq. (1), ¢, = ¢, + q,. Combining Egs. (1), (16), and (18)
yields

(18)

3 1
G = (AT /)3 (2hyy Vi Reypy f0,)7 + 4,

For the case of a highly subcooled liquid, ¢, is the dominant
part in g,,. Therefore, g, and g, may be neglected for simplifying
calculations. Combining Eqgs. (16), (17), and (15) yields

(19)

1 1
gy ~ 4 = V2Re] Prf (i, ATuwAT Y [d - (20)

For example, for the case ATy, =45 K, AT, =500 K, and
V, =3 m/s, g, 1.1 x 10° W/m? from Egs. (11), (13), (15), and
(16), g, ~ 1.0 x 10° W/m? from Eq. (20), and g, < 10* W/m?. Here
q1/9w ~90%.

For the case of a highly subcooled liquid, Eq. (20) can be also
used for two-dimensional jet flow.

The effect of interfacial waviness of the vapor layer may be mod-
ified by employing an empirical correlation factor f in Eq. (20). If
f is taken to be /2, Eq. (20) becomes

1 1
qu ~ ) = 2Re P} ur, AT AT [d 2D

The deviationsbetween Eq. (21) and most experimental data pre-
sented by Liu and Wang,'® Ishigai et al.,'® and Nakanishi et al.'”
would be improved and limited to a range of £25%.

Simplified Theoretical Analysis for the MHF Point

The limiting flow condition of a steady vapor layer, that is, a
condition of steady film boiling, may be deduced from Eq. (10) or
Eq.(11). When 75 is close to zero, as shown in Fig. 1¢, the vaporlayer
would reach its thinnest thickness limit and can no longer draw the
liquid flow forward along the radial direction. For this condition,
the thickness of the liquid’s velocity boundary layer would reach
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its maximum value. Hence, the steady vapor layer would collapse,
and the film boiling mode would change to the transition boiling
mode. Of course, the conditionof t; = 0 is only a theoreticallimiting
condition. However, we can develop a qualitative relationship to
estimate the MHF point by using this limiting condition.

In accord with the discussion just before Eq. (17), the term
Re; (i /1,)(8,/d)? is much greater than unity in the steady film
boiling region. It would gradually reduce with decreasing AT, [by
Egs. (16) and (21), §, ~ +/AT,,] and is close to unity at the MHF
point, correspondingto the limiting condition§; = 0o, thatis, rs = 0.
We assume that Re; (i;/ ) (8, /d)?* would be a constant of order
unity and independent of the jet velocity and the liquid subcooling
at the MHF point. Then, the limiting condition can be expressed as

Re (i /11,) (8, 0 /d)? = a (22)
where a is an unknown constant and would be close to unity. At the
MHF point, Eq. (11) may be rewritten as

S = 38, /4@ — D (wi/1t0) (23)
Combining Eqgs. (15) and (23) yields
1
Qv = 2(a — DMATGWPE (/1) [ 80 (24)

For the case of highly subcooled water, according to Egs. (16) and
(D,

Gim = quu = AT mdy/S0.m (25)
Combining Eqgs. (24) and (25) yields finally
1
AT =2(a — DATw Pr Ou/3) (o / 1) (26)

Equation(26) demonstratesthat the wall superheatat the MHF-point
would be only a function of the liquid subcooling and is linearly
related to the liquid subcooling.

The minimum heat flux at the MHF point can be obtained from
Eqgs. (22) and (25):

1

Guw = (1/a)? ATaurRef u/p)? fd - @7)

Note that Eq. (27) is a theoretical equation for ¢,y (AT 1) at
the MHF point. The enhancementeffect of the interfacial waviness
of the vaporlayeron the heat transferthrough the vaporlayer has not
beenconsidered.If the enhancedheattransfereffectof the interfacial
wavinessat the MHF pointis modified usingaformof the correlation
factor f),, as was donein the steady film boiling region, then Eq. (27)
becomes

1
Guy = Fu(1/@)F AT dRef (u/m)? [d - (28)

For the case of saturated liquid, the wall superheat and the min-
imum heat flux at the MHF point can also be obtained by using
the same analytical process as for the case of the highly subcooled
liquid. However, because of the absence of MHF point data for sat-
urated water jet impingement boiling, we have not discussed this
case in the present study.

At the MHF point, which is also the incipient location for the
film boiling region, there exists a maximum Nusselt number or a
minimum thickness of the vapor layer. This Nusselt number can be
expressed as [Egs. (16) and (28)]

Guw,md N % L
Nuy = ——— =d /8,y = (fu/a?)Re] (u,/m)? (29)
AT;at.M)\v
The experimental values of a and fj, may be determined from
experimental results by using Eqs. (26) and (29).

LIU

Correlating and Comparing Experimental Data
and Correlations

The existingdata sources of the MHF point for water jet impinge-
mentonhorizontalhot surfacesare givenin Table 1. All experiments
were performed for unsteady coolingin which a flat heated stainless
steel plate was cooled rapidly by a round or two-dimensional water
jethaving the same size as the heat transfer surface. When these data
were used, the factor a could be determined from the experimental
relation between ATy, » and ATy, in Eq. (26), and the mixed fac-
tor @'/?/f,; could be obtained from the experimentalrelation at the
MHF point of AT, v to g,y in Eq. (29).

Figure 3 shows the results for a from Eq. (26), plotting wall
superheat at the MHF point vs the correlation factor a. Figure 4
shows the results for a'/?/ f,; from Eq. (29), plotting wall superheat
at the MHF point vs the mixed correlation factor a'/?/fy,.

From Figs. 3 and 4, the following can could be concluded:

Table 1 Data sources and experimental conditions®

Reference
Parameter 16 17 18
Test liquid Water Water Water
Pressure, MPa 0.1 0.1 0.1
Heated surface size, mm 12 x 80 12 x 80 12x 12
Nozzle size, mm 6.2 x50 6.2 x50 ®10
Jet velocity, m/s 1-3.17 0.65-3.17 1-3
Subcooling, K 5-35 5-55 5-45
Reynolds number (1.8-6) x 10*  (1-6) x 10*  (3-9.6) x 10*
Nozzle height, mm Unknown Unknown 10

*Unsteady cooling tests for all, stainless steel thin plate for all, and constant wall heat
flux for all.
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1) Although there exist deviations among the data, the value of
a appears to be independent of the water subcooling and water jet
velocity and to vary in a narrow range from 6.0 to 10.0 in the exper-
imental range of ATy, > 15 K. At most, a is a weak function of the
water subcooling and water jet velocity. To simplify the predictive
correlations, we take an integer value 8 as an average value of a,
where the relative errors are not larger than +25% for most of the
data. This value is not obtained from a least-squares fit of all MHF
point data, but by examination of Fig. 3. However, this correlating
method has not caused noteworthy increases in the relative error as
compared with the least-squares<it method.

2) In the range of AT, > 15 K, the valuesof a'/?/f,, appearalso
to be independentof the water subcoolingand water jet velocity,and
vary to from 1.5 to 2.8. Here, from average value taken for a, we
take an integer value 2 as the average value of a'/?/f};, where the
relative errors are not larger than £25% for most of the data.

3) Although Eqgs. (26-29) were derived for the high subcooling
condition, these equations could possibly be used for relatively low
subcooling, AT, =15 K. (See Fig. 5; there are four data points
from AT, =15 K.) The reason may be that the vapor layer is
very thin [Eq. (29)] at the MHF point, and hence ¢,, used for the
evaporation of the liquid, is quite small compared with ¢, near the
MHF point.

4) The correlated experimental results shown in Figs. 3 and 4
demonstrate the reasonability of assuming Eq. (22) as a rough ap-
proximation at the MHF point. Here @ and a?/f,, seem to be in-
dependent of the jet flow conditions from the existent experimental
data. Of course, in the more accurate expressions, they should be
weak functions of the jet flow conditions.If @ and a'/? /), are taken
as 8 and 2, then f) = 4/2, which is the same as the value taken for
f in the steady film boiling region [Eqs. (21) and (22)]. This is also
areason why we take the average values of @ and a'/? / f), as integer
values.

By using the average values of @ and a'/?/f,, from the present
data, we obtain the following semitheoretical correlations from
Eqgs. (26) and (28):

1
ATwom = V4A T Pr* (0 /20) (1o / 111) (30)

3 L
Qo = 0.5ATuuh Ref (wi/p.)? [d 31)

When constant thermodynamic properties (which correspond to
the average film temperatures of water at 80°C and vapor at 300°C)
are used, Eq. (30) can be simplified to

ATgon = 17.22ATyy, (32)

Nakanishietal.!” proposedan empirical correlationfor predicting
the MHF, in watts per square meter, by correlatingtheirexperimental
data at the MHF point (d =0.0062 m in this experiment) as

Gy = (5.4 + 2.846AT,) V7 x 10 (33)

When Eq. (30) is substituted into Eq. (31) and constant thermo-
dynamic properties (which correspond to the average film temper-
atures of water at 80°C and vapor at 300°C) are used, Eq. (31) can
be written as

G = 0.20A Ty, (Vi /)™ x 10°* (34)

In the range of the existentexperimentaldata'®~'® (AT, > 15K
and V; =0.65-3.17 m/s), the calculated values of Eq. (34) are about
20% below the corresponding values from Eq. (33).

Figure 5 shows the experimentalrelationship of water subcooling
and wall superheatat the MHF point and comparisons of the exper-
imental data with Eq. (32). It is found that most data fall within a
range of £30% relative error as compared to Eq. (32). Parts of the
data reported by Nakanishi et al.!” show a trend that the wall su-
perheat at the MHF point weakly increases with the jet velocity for
highly subcooled water. Hence, the data of Nakanishiet al.!” have a
relatively greater divergencein Fig. 5 than that of the other sources.
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Fig. 6 Comparison between experimental data and Eq. (31) for the
minimum heat flux.

Figure 6 shows the comparison of the experimental data of the
minimum heat flux with the calculated values of the minimum heat
flux by Eq. (31). The experimental data are in good agreement with
the calculated values of Eq. (31). The relative errors of most data
are less than +25%.

Figures 7a—7c show the comparison between the experimental
data of film boiling curves proposed by Liu and Wang'® and Ishigai
et al.'® and the calculated values by Egs. (21), (30), and (31) in the
steady film boiling region and at the MHF point, respectively. The
solid lines denote the calculated values from Eq. (21) for predicting
the heat transfer in the steady film boiling region. The horizontal
dottedlines denote the calculated values from Eq. (31) for predicting
the minimum heat flux at the MHF point. The vertical or inclined
broken lines denote the predicted values from Eq. (30) for the wall
temperatures at the MHF point. The curves with symbols are the
experimental boiling curves. On the whole, the experimental data
qualitatively agree with the predictive correlations.

Because available data for the MHF point in liquid jet boiling are
quite limited, the correlation factors a and a'/2/f,, determined in
this study are approximate. Further work is needed to check and to
improve the correlationfactors and suggestlimiting flow conditions
at the MHF point. For example, the review of Nishio®’ pointed out
that the wall superheat at the MHF point is basically independent
of flow velocity for low and moderate velocity levels of convec-
tive boiling in crossflow. However, the MHF point will become a
weak function of the flow velocity at high-velocitylevels. For water
jet impingement boiling, in a wider experimental range, a or f),
should be weak functions of V; and AT,,. However, the important
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Fig. 7 Comparison between experimental data and various predictive
correlations for the MHF point and the film boiling region: a) constant
water subcooling case AT, =25 K, data from Liu and Wang,! b)
constant jet velocity case, V; =3 m/s, data from Liu and Wang,'$ and ¢)
constant water subcooling case, ATy, = 15 K, data from Ishigai et al.1®

mechanisms determining the MHF point are the same, and the
analytical process would also be the same as that used in the present
work. Until now, all of the data concerning jet impingement tran-
sition and film boiling were obtained indirectly from the cooling
curves in unsteady cooling experiments. For a rapid cooling pro-
cess, the region around the MHF point is very unstable and is mea-
sured over a very short cooling period. The collapse of the vapor
layer could be affected by various acoustical disturbances. Hence,
great deviation of the MHF point data is unavoidable, and an exact
correlation of such experimental data is difficult.

Conclusions

1) A simplified model was adopted for predicting wall superheat
and the MHF point for water jet impingement boiling on a flat
hot plate in the jet stagnation zone. Experimental data reported by
the author and other researchers were used to obtain the correlating
factorsin the semitheoreticalcorrelations. The range of applicability
for this study is ATy, > 15 K and V; <3.17 m/s.

2) Water subcooling ATy, provides a strong effect on the MHF
point. For the case of highly subcooled water, the wall superheat
at the MHF point AT, y is basically linearly dependenton AT
The correlation of AT, j, with ATy, is expressed by Eq. (30).

3) Minimum heat flux g,  is a function of AT » (or ATy),
the jet velocity, and the diameter of the jet’s nozzle (or the width
of the jet’s nozzle for two-dimensionaljet flow). At the MHF point,
the correlation of g, », with AT, is expressed by Eq. (31).

4) Correlation factors a and a?/f, seem to be independent of
the jet flow conditions from the existent experimental data. In the
more accurate expressions, they should be weak functions of the jet
flow conditions. Further work is needed to check and improve the
application of the suggested correlating equations.
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