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ABSTRACT

Prediction of heat transfer in the evaporator of a refrigeration unit should be as accurate as possible for the
successful operation of the whole appliance. The predictive methods used at present are empirical or semi-
empirical, particularly for the heat transfer conditions relevant in practice, because theoretically consistent
calculation of the heat transfer coefficient in nucleate boiling is not yet possible. One of these which is
included in the VDI Heat Atlas and has been updated recently, is presented in the first main part below and is
compared with experimental data for 55 fluids. In the second, eight more prediction methods from the
literature are tested using the same experimental database, and the deviations between measurement and
calculation are discussed in detail together with the different results calculated with the various methods.
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NOMENCLATURE:
A,m factor (kW m~2K~1) or exponent of Eq(6) Greek:
C,, factor for material of heated wall a heat transfer coefficient

c, heat capacity of saturated liquid (J kg=1K~1) (W m™2K~" or kW m™2K~1)

D diameter of heated tube (m) @y = a for a copper tube at go = 20 kWm~2,
po = 0.1, Ry = 0.4um

d, bubble departure diameter (m)

g gravitational acceleration (m s~2)
Ah,, enthalpy of vaporization (J kg™)

M  molar mass (kg kmol™1)

p pressure (bar or N m~2)

p* = p/p. reduced pressure

Pr = (dp/dT)ypc/o characteristic
boiling parameter of the fluid (K - um)~?!

q heatflux (W m=2 or kW m=2)

R individual gas constant (J kg71K~1)

R, arithm. mean roughness height (1ISO4287)(um)
Rpoa = Rq/0.4 “Glattungstiefe” (DIN4762)(um)

T temperature (K or °C)

Ty temp. at normal boiling point

AT superheat, surface of heated wall (K)

dp1 = Qg fOI’ Ra = Ra'exp

B contact angle (deg)
pepgy density, saturated liquid or vapour (kg m=3)

A, thermal conductivity of saturated liquid

(W m K1)
1., Ve dynamic or kinematic viscosity of saturated liquid
(Pa-s orm?s™1)
o surface tension of saturated liquid (N m™1)

Subscripts:
¢ critical state ref reference value
Cu copper s saturated state
f fluid VPC vapour pressure curve

0 normalizing value w heated wall
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1. INTRODUCTION

Prediction of heat transfer existing e.g. on the flooded bundle of horizontal tubes in large evaporators of
refrigeration units should be as accurate as possible for the successful operation of the entire plant. The
predictive methods used at present are empirical or semi-empirical, particularly for the heat transfer
conditions relevant in practice, because theoretically consistent calculation of the heat transfer coefficient o
in nucleate boiling is not yet possible (see e.g. the reviews in Stephan, Fuchs (2009), Kenning et al. (2009),
Dhir (2006), Kenning (1999), Gorenflo et al., 1998). Most of the methods have been established as power
laws in the past, containing separate factors for the main parameters that are of influence in nucleate boiling
heat transfer.

One of these is included in the VDI Heat Atlas since 1984 (Gorenflo, 1984) and has been updated recently. It
will be presented in the first main part of the paper and compared with experimental data for 55 fluids. In the
second, eight more prediction methods from the literature will be tested using the same experimental
database, and the deviations between measurement and calculation will be discussed in detail together with
the different results calculated with the various methods.

2. UPDATE OF THE HEAT ATLAS PREDICTION METHOD

2.1 Outline of the Method

In the Heat Atlas prediction method (Gorenflo, Kenning, 2010; Gorenflo, 2013), the main groups of
variables that are of influence on the heat transfer coefficient a are considered in separate factors to establish
a reduced heat transfer coefficient o/ayes Of the form

o/0wet = Fo(Q/0o) Fp(p*/p*0) Ft (Pro /Pt ret ) Fu 1).

The reference heat transfer coefficient o is a constant reference value for all fluids, independent of the
influences on the right hand side of Eq(1). The functions F are independent nondimensional functions,

e F,and Fy- for the relative increases of the heat transfer coefficient a with rising heat flux q and reduced
pressure p*= p/p. (p. = pressure in the critical state),

o F; for the influence of the thermophysical properties of the fluid at the reference pressure p*,, and
o F,, for the influences of surface roughness and material of the heating wall.

The reference values g, = 20kW/m? and p*, = 0.1 represent typical mid-range conditions of nucleate boiling
in industrial applications. The reference state for the heating wall is a horizontal copper cylinder with an
intermediate value Ry, = 0.4um of the arithmetic mean roughness height (ISO 4287), which lies within the
common range for heater surfaces used in practice. Finally, Pt is a reference value (also in mid-range) for
the characteristic combination Ps of thermophysical properties of the fluid at the reference pressure p*, = 0.1,
as will be shown later. The concept is demonstrated in Fig.1 in the well-known log/log-representation of a
over g for i-Butane boiling on a horizontal copper tube at different reduced pressures p*: F; is providing the
value aq for i-Butane at reference conditions p*,, o and Ry, and a, can be calculated for heat fluxes and
reduced pressures other than in the reference state, using Fp~ and F, from Fig.2.

{Here Fig.1. (It may be reduced in size to one column = width of 84mm.)}
Fig.1: Concept of the calculation method shown for i-Butane boiling on a copper tube

The steep slopes of the straight lines — corresponding to the exponent n of the heat flux in Eq(2) — show the
strong increase of o with q at p* = const. A similar increase is existing for o with p* at g = const, e.g. g = g,
dashed straight line, both well-known for nucleate boiling heat transfer.

Nucleate boiling is ending in free convection without bubble formation at small heat fluxes and reduced
pressures (dot-dashed straight line), and in the maximum heat flux g (burnout) at high heat fluxes (dashed
curve in Fig.1). The latter has been calculated by the prediction method for g updated in 2013 for the 11"
ed. of the Heat Atlas. For g-values close to g or if very high a-values result from Eq(2) (hatched zone), it is
recommended to check the calculated data by experiment. Nevertheless, the straight interpolation lines



continue to be valid up to very close to g in recent experiments, see Kang et al. (2009) and Gorenflo et al.
(2010).

In the following, the updates for the influences of g, p* and the properties of the fluid will be discussed, and
for some non-updated influences, new experimental evidence will be shown.

2.2 Update of the influences of heat flux and pressure for single tubes
The relative increase of o with q — symbolized by F; in Eq(1) — is represented by

Fq = a/a(0=0) = (a/00) """ ),
where n(p*) has been updated to
n(p*) = 0.95 - 0.3 p**3 (2a),
and the update of the relative increase of a with p* is given by
For = a/a(p*=p*s) = 0.7 p*°2 + 4 p* + [1.4 p*/(1 - p¥)] 3),

with all other parameters in Eq(1) remaining constant. For water, relationships that differ somewhat from
Egs(2a) and (3) were established in 1984 for the Heat Atlas and should continue to be applied because no
new experimental results have been found to support an update.

For the update, own new experiments with 23 fluids (8 partly fluorinated refrigerants, 7 hydrocarbons, 5
alcohols, and 3 fluids from other groups) and a literature review — containing also other experimental data of
these and 5 additional hydrocarbons — have been used (Kotthoff, 2014). The review for hydrocarbons has
already been published in 2008 (Kotthoff, Gorenflo, 2008).

In Fig.2, the a(qg)- and a(p*)-dependencies for the own experiments are shown in terms of the exponent
n(p*) in the upper diagram, and of the ratio o/ag in the lower, where 0 1=a at the reference pressure p*;=0.1
and the reference heat flux ¢, but R,=Rgexp#Ra0. The heater was a horizontal copper tube of 8mm O.D. with
twice sandblasted surface (fine then coarser corundum grain). All fluids were planned to be investigated with
the same heater (tube #1), but it was damaged after 8 fluids, so another with identical design had to be used
(tube #2, see symbols with dash in Fig.2) for the remaining 15 fluids, or 16, resp., because the tests for
R134a were repeated with the 2™ heater. The experimental equipment and procedure that had been
developed earlier was explained somewhere else again recently (Gorenflo et al., 2010).

{Here Fig.2 (width should not be reduced below about 130mm because of the many different data given)}

Fig.2: Pressure dependence of n and relative pressure dependence of o for the own new experiments with 23
fluids and comparison with the correlations of the Heat Atlas

As follows from both diagrams in Fig.2, all the data lie within the same limits of experimental scatter
(shaded areas), without systematic deviations between the different groups of fluids. The same had been
found earlier for the data set used in 1984 for the 4™ German edition of the Heat Atlas, up to the 10" ed.,
2006, see Gorenflo (1984). The bars added to the symbols for n indicate the maximum scatter, if n is fitted
only to high or low g-values, respectively.

The new experimental a(p*)- and a(q)-dependencies are significantly more pronounced than according to the
former calculation method — the latter visible from higher exponents n — as can be seen from the comparison
of the symbols with the dashed curves. A similar trend had already been exhibited by experimental data sets
in Gorenflo et al. (1990, 1991).

{Here Fig.3 (please, use the entire height of a page and don’t put Fig.3 within the text of the next section)}

Fig.3: Pressure dependence of n and o for the new experiments of the literature review and comparison with
the Heat Atlas calculation method. Top: Hydrocarbons (together with the overall scatter of the former



experimental Heat Atlas database for organic fluids). Bottom: Refrigerants, alcohols and 3 fluids from other
groups

In Fig.3, the results of the literature review have been added for the three groups of fluids (hydrocarbons,
refrigerants, and alcohols & others). The new trends of the review correspond to Fig.2, while the overall
scatter has markedly increased due to the greater variation in the experimental conditions existing at the
various investigations. The updated Eqs(2) & (3) do not reflect the entire differences between the new data
and the former correlations because the former database was also considered in the update. For a
significantly more detailed discussion of the 12 hydrocarbons included in the review, see Kotthoff, Gorenflo
(2008).

2.3 Updated influence of thermophysical properties

The influence of the thermophysical properties of the fluid on o has been separated more or less arbitrarily in
two parts, one that is represented by F¢ in Eq(1) and is caused by the variation of the properties of different
fluids at the constant reduced pressure p*,, and another which is related to the variation of the properties of
the same fluid with pressure and is represented within Fy« or Eq(3), respectively. This one is a consequence
of the properties varying with temperature along the vapour pressure curve, and it is a combined pressure-
temperature effect as can be seen from Eq(5). At the end of the paper, it will be discussed more in detail.

But before, the part in F; at p*, = const will be analyzed. It can be modeled by means of the fluid-specific
parameter P which is the ratio of slope of the vapour pressure curve (VPC) and surface tension o, both at the
reduced reference pressure p*, = 0.1,

P = (dp/dT)vec /o 4).

P¢ follows from the simplified Thomson Equation for the increment Ap of pressure necessary within a
spherical bubble nucleus with radius r, if Ap is produced by the superheat AT of the liquid in the boundary
layer around a heated tube at constant pressure p*o ,

Ap =20/r ~(dp/dT) AT ().

P: was used first in Kotthoff, Gorenflo (2005). It results from former plots employing it in its reciprocal form
(Bier, Lambert (1990); Gorenflo et al., 1991) for modeling the superheat AT, and from considerations to find
those properties of the fluid that are important for nucleate boiling (Bier et al., 1973, 1977, Gorenflo, 1977).
The latter was summarized more recently in Gorenflo et al. (2004).

In Fig.4, the absolute values oo, at g = 20kW/m?, p*o = 0.1, and R, = Raex for the 23 fluids of the own
experiments used as reference values in Fig.2 have been plotted over the fluid parameter Ps in double
logarithmic scales. As can be seen from the upper two diagrams, the results for both tubes can be interpolated
fairly well by straight lines, with maximum deviations from the measurements for CO, & n-Pentane (+12.6%
or -9.6%) in case of tube # 2, and for R125 & R152a (-10.2% or +8.8%) in case of tube # 1.

{Here Fig.4 (width should not be reduced below about 120mm because of the many different data given)}

Fig.4: aq1(Ps)-representation for the own new experiments with 23 fluids boiling on the two copper tubes #
1& 2. Top: Separate diagrams for tube # 1 or # 2. Bottom: Data for both tubes compared
with Eq(6) adapted to R, cx, (dashed lines) and with earlier data for 3 of the fluids boiling on
a fine sandblasted 25mm-tube (#3, small symbols; from Danger, 2004)

For the updates of the Heat Atlas (Gorenflo, Kenning, 2010; Gorenflo, 2013), the sources in the data banks
for the two thermophysical properties in Eq(4) have been revised. As a consequence, the values of Ps from
Kotthoff, Gorenflo (2005) were modified significantly for 5 fluids, see the horizontal lines pointing to
symbols in the upper two diagrams of Fig.4. Thus, the deviations of the interpolation lines from the a-
measurements have been reduced in 4 cases. In addition, 4 of the new Ps-values better fit the sequence of
fluids within the group they belong to, because originally: Cyclohexane was closer to Heptane than Hexane,
n-Propanol closer to 2-Butanol than 2-Propanol, 2-Propanol closer to Ethanol than n-Propanol. In addition,
the value for R143a appeared beyond R125, instead of lying between R152a and 134a as follows for the 3



refrigerants from the number of F-atoms in the molecules with the same structure: All of them are Ethane
derivatives with asymmetrical distribution of the F-atoms among the two C-atoms. For the sequence in Fig.4
to be “correct”, P¢ should be higher or lower by merely 1% for R134a or 143a, respectively.

Obviously, the poor accuracy of the data for surface tension is responsible for the modifications, with
uncertainties given in the Heat Atlas data bank for the fluids of Fig.4 between +2% and +10% (Span, 2010).
As a consequence, the deviations of the experimental data from the interpolation lines may result from both,
small individual effects in heat transfer for certain fluids or uncertainties of the properties in Ps. Calculating
P; for Ethanol from the data in Refprop 9.0 (Lemmon et al., 2010) would result in 1.89(umK)™ — i.e. P; for
Ethanol would lie even beyond the value for Methanol.

The direct comparison of the data for the two tubes in the lowest diagram of Fig.4 reveals that the slopes of
the interpolation lines for tube #1 & 2 are exactly the same, but the interpolated ay;-values differ for 14%.
The difference is almost the same as in the a-values measured for R134a with both tubes: 15%, see the
diamonds with or without dash. It demonstrates that the shift of the two upper full interpolation lines is an
effect of the different heaters, and that a general relative influence of the properties of the fluid exists with an
a(Ps)-dependency that can be represented by the power law of Eq(6), o = A Pf", as had been postulated in
(Kotthoff, Gorenflo, 2005).

Further support comes from Propane and 2-Propanol which have been measured now with different tubes #1
& 2, see #21 & 13 in the upper diagrams of Fig.4. Earlier, both fluids had been investigated together with
R134a (Danger, 2004) using the same copper tube for all of the 3 fluids (tube #3, D = 25mm and fine
sandblasted surface, lowest diagram of Fig.4). And also for this heater, the power law of Eq(6) is valid for
the relative influence of the fluid properties, with only slightly smaller slope which, however, remains well
within the range of slopes that could be derived from the experimental scatter for the other two tubes.

Although the influence of the heater on a will not be analyzed before the next section 2.4, the roughness term
Fr of Eq(7) is used for Fig.5 already now, because discussion of the new literature review requires to
reduce the heat transfer coefficients for copper heaters with different R,.., from the literature (including
those of Fig.4) to the reference value Ry = 0.4pum. The data of Fig.4 and the new literature review (small
symbols) and the former experimental database of the Heat Atlas (up to 7" ed.,1994, big open symbols) have
been represented in Fig.5 together with the update of the latter that resulted in the shaded big symbols. The
experimental data entered the update with different weight depending on number of data and information on
experimental details available.

{Here Fig.5 (width should not be reduced below about 120mm because of the many different data given)}

Fig.5: Update of the former experimental database for o, (big open symbols) in the Heat Atlas by new
experiments (small symbols) and comparison with the updated database (shaded big symbols) and the o,(Py)-
correlation

The new data include 93 sources for 28 fluids, for 63% of the sources the diameter of the heating copper tube
was D = 8mm and for the rest, the D-range was from 15 to 25mm (with one exception). Examples for the
influence of diameter on a are given in Kotthoff, Gorenflo (2012) and Kotthoff (2014) — see also Methanol
and 2-Propanol in Fig.5. The experimental evidence with a maximum in o for D between 30 and 50mm,
however, is not yet clear enough to include it in the calculation method.

In 2005 already, the power law of o with P; had been fitted to the experimental database existing in the 9"
ed. of the Heat Atlas at that time, producing the preliminary values A = 3.6kW/m’K and m = 0.6 (Kotthoff,
Gorenflo, 2005). In the new fit, only A has been modified slightly to 3.58kW/m?K. The final,
nondimensional form of the factor F; in Eq(1) was achieved by interpreting A as reference value of a
fictitious fluid with the intermediate parameter Ps. = 1(umK)™ and with the mean experimental oo(Py)-
relation of Fig.5 and Eq(6),

Fi = aolowes = [(Pf/Pf,ref)Ole]p*0=0.1 , With e = 3.58 kW/mZK’ I::'f,ref =1 (Ilm K)_l (6)

As can be seen from Fig.5, the updated oo ep-values (shaded big symbols) of the Heat Atlas data bank are
well represented by Eq(6). Comparison with the database before the update (open big symbols) reveals that



distances from the calculated line diminished by the update for most of the fluids — for some drastically, e.g.
i-Pentane, Acetone, 2-Propanol. There is one severe deviation, however, for an updated fluid, that occurs in
case of Ethene. The reason might be that insufficient purity of the fluid used or an experimental error are
involved in the Ethene-data, because oy is much too small if compared with Ethane and with the op-
difference for Propane & Propene in the upper diagram of Fig.5. A more detailed discussion of the problem
can be found in Gorenflo et al. (2012) and Kotthoff (2014). All 28 updated values of Fig.5 are also shown in
the upper two diagrams of Fig.6, and except for the one big deviation, the maximum scatter remains within
+10%.

{Here Fig.6 (please use the entire width of a page because of the many different data given)}

Fig.6: Comparison of the oo(Ps)-correlation with the new experimental database of the Heat Atlas.
Upper two diagrams: updated fluids; lower two diagrams: non-updated fluids and H,O, NHs.

In the lower two diagrams of Fig.6, also the agexp-Values for the non-updated fluids of the Heat Atlas data
bank are compared with Eq(6), together with water and ammonia. For these two fluids, only a few new data
exist that do not require an update, see also the detailed discussion for NH; in Kotthoff, Gorenflo (2008). The
non-updated fluids extend the range for P; from 0.69 < Ps < 3.15 for the updated fluids to 0.53 < P; < 20.5
(um K), i.e. from a factor of about 4.5 to about 40. For Helium which is also included in the experimental
data bank, Eq(6) cannot be applied because nucleate boiling ends for this fluid at heat fluxes well below the
reference value go = 20kW/m”.

As can be seen from the lower diagrams, the experimental data are well represented also for the extended
range, the maximum scatter, however, has increased from £10% for the updated fluids to £20% for the non-
updated, cf. the dashed straight lines in Fig.6. The numerical values in the two Aa-diagrams differ somewnhat
because being related to 0,exp instead of ag cac as for the dashed lines. Among the deviations >10%, there are
significantly more fluids with og,exp < 0o cac S€€ 11 fluids near lowest dashed line for -20%. It is likely that
this is an effect of the former measuring techniques not being at the level of today, because in 1984, also
experimental data had been included in the data bank that originated from 20 to 30 years behind. Together
with the comparatively high ag-values, this may result in deviations to the lower.

By the same diagrams, it is also proved that the “fictitious, intermediate” fluid with Py s = 1(umK)™ in fact is
situated close to the (logarithmic) center of the Psrange for the fluids important in industrial application, if
the cryogens beyond CF, (with T, = -106°C at p*, = 0.1) are not taken into account. On the other hand, also
the “real” fluid i-Butane with Ps = 1.062 Ps . could have been taken as reference fluid because its mean
experimental og-value is almost identical to ag i (3.70 instead of 3.71kW/m?K, see the upper two diagrams).

A first successful application of the prediction method was possible in the PhD thesis of Buljina (2010) when
a-values for the two pure components were needed to calculate the deterioration of nucleate boiling heat
transfer for the very wide-boiling binary system n-Pentane/Hexadecane (C,sHss). The difference of the
normal boiling points of the components for this system amounts to ATy = 250K. For experiments with the
latter pure component saturation temperatures being too high (Tsy = 286°C) because of thermal dissociation,
op = 2.28kW/m’K was determined from Eq(6) for P; = 0.47(umK)™ of this fluid (closed diamond in the
lowest diagram of Fig.6). a-values for g and p* other than in the reference state were determined using the
calculated ap-value and Eqs(2) & (3). Thus, the calculation method was applied without any experimental
information on nucleate boiling heat transfer for the higher boiling component of this binary system.

The diagram also indicates that the ag-values for the saturated paraffinic hydrocarbons with 8 to 15 C-atoms
will lie within the small range between P; = 0.7(umK)™ for C;H,s and 0.47(umK)™ for CysHs4 which appears
on the straight line close to the lower left end of the lowest diagram in Fig.6. Besides that, the 8 values could
be estimated with errors <10% even without calculating P;, only by using the systematic decrease of the
updated oo-values within C,46 or Css57, resp., as can be verified quite easily from Fig.5 or from the first
column on the left of Table 3 in Section 3.

Deviations significantly beyond +20% occur only for the highly associating fluids H,O & NH; and for i-
Butanol. The latter has been put in brackets together with n-Butanol in Fig.6 because both of their o exp-
values should be close to 2-Butanol instead of differing for more than 40%. This follows from comparing not



only with their updated isomere 2-Butanol, with n & 2-Propanol, but also with the experimental ag ex,-data of
the other 6 updated isomeres in Fig.6 and Table 3 of Section 3 (n & 2-Propanol, n,i-Butane, n,i-Pentane).

{Here Fig.7 (same width as Fig.5 and please, don’t insert the figure in the text of the next section 2.4)}

Fig.7: ao(Pg-dependence for discussion of new measurements with n-Butanol and the new refrigerant
R1234yf

In Fig.7, n & i-Butanol have been added to the updated fluids of Fig.5 for direct comparison of the 9
isomeres cited above. In addition, two new experimental values for n-Butanol are shown (small symbols)
that result from measurements with a Cu-tube with D = 4mm and two surfaces with different roughness
(emeried: R, = 0.55pm or rough sandblasted: R, = 1.91um; Gremer, 2001). Adapting to Ry = 0.4pum by
Eq.(7) and to D = 8mm by taking into account the influence of diameter as reported in (Kotthoff, 2014), ends
up in the two small symbols at 3.20 or 3.43kW/m’K, slightly below or above the value calculated for n-
Butanol from Eq(6). A similar correction towards the calculated value can be expected from new
measurements with i-Butanol. (More details about deviations from Eq(6) for certain fluids are given in
Gorenflo et al., 2012 and Kotthoff, 2014.)

The new measurements for n-Butanol with the small tube did not enter the update because the method to
consider the influence of diameter on a is not yet well established. Recent measurements with the new
refrigerant R1234yf (H,C=CF.CF;) neither entered the update, but for the different reason that only one
source was found in literature for this partly fluorinated Propene-derivative (Park, Jung, 2010). Its
experimental ag-value is markedly smaller than o . from Eq(6) (3.00 or 3.87kW/m?K) as can be seen from
comparing the closed small symbol on the left of the Propane-derivative R227ea with the full straight line in
Fig.7, bottom. A similar systematic shift to the lower is found for all the measurements of the Korean group
of Jung et al. (see all closed small symbols in Fig.7), so it is likely that new measurements of another group
of researchers will reduce the difference to Eq(6) also for this fluid.

Having in mind the huge scatter of experimental data for the same fluid in case of the very often investigated
refrigerant R134a or hydrocarbon Propane, in the lower or upper diagram of Fig.7, respectively, this
highlights again how important it is to have a set of experimental data originating from the same equipment
and experimental procedure for a great number of fluids as in case of Fig.4, for finding relationships as

Eq(6).

On the other hand, also the entire data set originating from 3 teams of the Korean group mentioned above
exhibits the same relative increase of o, with Ps as Eq(6). This is seen from the closed small symbols in Fig.7
and their 3 dashed straight interpolation lines for 4 hydrocarbons (Jung et al., 2004) and 3 or 2 refrigerants
(Jung et al., 2003) or (Park, Jung, 2007, 2010), wich are running exactly parallel to the full lines for Eq(6).
(For further results see also the discussion of Figs.9 & 12, and correlation # 3 of this group in Table 1.)

2.4 Non-updated influences

Besides the updated parts discussed in 2.2 and 2.3, other parts have been updated in the most recent edition
of the Heat Atlas (11" ed., Gorenflo, 2013), but will not be discussed here (prediction of the maximum heat
flux gerie (burnout) of nucleate boiling or minimum heat flux gmi, of film boiling (Leidenfrost Point) and of
heat transfer with film boiling). There are also various parts without update, for which new experimental
evidence has been introduced in the new edition of the Heat Atlas, e.g. for bundles of horizontal tubes,
heating surfaces with fins, boiling of mixtures, or for the influence F,, of roughness and material of the
heater.

Although there are not enough new experimental results for updating the influence F,, of the heater, it will
be discussed here because it is one of the important factors in Eq(1) and has already been used above for the
review. It reads

Fu=Fr Fu = (Ra/ Rao)*™* [(Opc)u/ (Apc)cu]™ (7),
where the first part Fr was developed by Stephan (1963) for another roughness parameter and the second

(Fum) was introduced in the calculation method for the 7" ed. of the Heat Atlas in 1994 (the latter will not be
discussed further because only heaters with copper as wall material are regarded here). Originally,



“Glattungstiefe” R, of the former German standard DIN 4762 was used by Stephan because it could be
related to the volume of vapour within the roughness cavities of the heating surface. This relation cannot be
established for any of the parameters in the new standard ISO 4287. Schomann, however, showed in 1994
that a formal relationship

Ra = 0.4 vaokj (8)

exists between R, of the new standard and the former parameter R, o4 over a large range of R.-values for
metal surfaces finished in different ways. The abbreviation R4 is used here and throughout the paper for
“Glattungstiefe” in order to avoid confusion with the parameter R, which is defined in an entirely different
way in the new standard.

Subsequently, modifications of the Stephan Equation have been developed which are incorporated in three of
the prediction methods (besides the Heat Atlas method) listed in Table 1: Two are containing a slight
influence of p* (#1 & # 4) and one a slightly more pronounced increase of a with R, (but without influence
of p*: #2). In all of them, the same drawback is included as in Eq(7) that only one, average value of one
roughness parameter is used for the whole heating surface to model the influences of the shape (re-entrant or
not) and size of the roughness cavities that are activated as nucleation sites. According to Eq(5), smaller
cavities will be activated with increasing reduced pressure at constant q because of decreasing o, or with
increasing heat flux at constant p*, because of increasing AT.

{Here Fig.8 (width should not be reduced below about 120mm because of the many different data given)}

Fig.8: Relative differences Ao for copper tubes with different surface roughness:
Comparison of measurements (partly closed symbols and full lines) with calculated data for 4 of the
prediction methods in Table 1 (open symbols and dot-dashed lines)

In Fig.8, the 4 a(R,)-correlations are compared with oy, using the relative difference in a for two couples of
heaters with the same diameters, but different surface roughness produced by different (fine sandblasted or
emeried, upper diagram) or smilar treatment (sandblasted with fine grain or fine then coarse grain, lower
diagram). The following can be seen from the comparison:

o The relative differences in a increase with decreasing heat flux at constant p* — being highest for small g-
values near free convection without bubble formation.

e The influence of p* (at q = const) contains a clear maximum near 10% of the critical pressure, which is
becoming less pronounced for high heat fluxes.

e The overall effect is significantly stronger for the two surfaces with different treatment (upper diagram) —
despite the smaller relative differences in the R,-values.

None of the correlations does not contain neither the influence of g nor the maximum in the influence of p*.
Nevertheless, for high heat fluxes q > 20kW/m?, where the a-differences for about factor 2 in R, decrease to
20% or less, also the differences between measured and calculated a-values become small. Thus for the sake
of simplicity, it was kept to the term Fg in Eq(7) until a calculation method for the influence of roughness on
o will be available where at least the size distribution of a suitable roughness parameter has been included.
This had already been recommended by Stephan (1963), and it is also following from many investigations
ever since cited e.g. in Luke (1996) & Kotthoff (2014).

A modification of this kind would allow to predict even those results in the literature where the o(Rg)-
relationship of Fr turns upside down, i.e. a decreasing for increasing R,. The effect occurs particularly for
surfaces with high roughness as was shown by systematic measurements in the wide g, p*-ranges of Fig.8
already in 1979 for two copper plates with different surface structures produced by turning, but each of the
structures being uniform. One was very smooth with R, = 0.2, and the other ended up very rough on purpose,
but with parallel grooves of regular shape and R, = 2.2um (Salem, 1979).

All in all, the above discussion clearly demonstrates that modeling the influence F,, of the heating wall is by
far the weakest point in the prediction methods and that representation of this influence in the methods
should be improved with high priority. At the end of the first main part of the paper, two new sets of



experimental data are presented that confirm the (non-updated) parts of the Heat Atlas prediction method for
the influence of fins on horizontal heaters (Fig.9) and for bundles of horizontal tubes (Fig.10).

At low to intermediate heat fluxes and reduced pressures, heaters with fins (integral, trapezoid-shaped or
“K-shaped”) transfer heat more efficiently than heaters with plain surfaces. This also follows from the new
example in Fig.9 for measurements of Park & Jung (2010) with small finned or plain Cu-plates (that could be
used for cooling of electronic devices), see the lower two interpolation lines for symbols with or without
dashes. The higher heat transfer coefficients for finned surfaces are caused by the rough crests of fins that
originate from the production process of internal fins, and by additional convection of bubbles sliding along
the flanks of the fins.

{Here Fig.9 (width should not be reduced below about 100mm because of the many different data given)}

Fig.9: a(q)-dependency for R134a and the new refrigerant R1234yf boiling on flat plain or finned copper
plates (from Park, Jung, 2010, extended)

Both effects increase heat transfer at low heat fluxes g more than at high, therefore the relative increase of o
with g is less pronounced for finned surfaces. The relative increase of a with p* is also weaker because
convective heat transfer is nearly independent of pressure or even decreasing with p* because bubbles and
the entire vapour volume produced at q = const become smaller at higher p*. As a consequence, the increase
of Fy in Eq(1) with g and p* will be weaker (or the exponent n be smaller, resp.) and also Fp« will increase
less with p* than for plain tubes.

Without explaining this part of the calculation method more in detail, it postulates: (a) Heat transfer
coefficients should be the same for plain and finned surfaces at 100kW/m? This is exactly existing for the
measurements, if the data for the finned plate are somewhat extrapolated, see the bold vertical dashed line in
Fig.9. (b) For finned surfaces, the experimental ns of Eq(2) should be smaller than n for plain ones, according
to n¢ = n — 0.1h/t;, with h — height of the fins and t; - gap width between the fins. Also this is verified by the
experiments within experimental scatter.

The heat transfer coefficients are the same for both refrigerants at T, = 7°C, see circles for R1234yf or
triangles for R134a because both were investigated by the same group, and because the slightly lower op-
value of R1234yf in Fig.7 is compensated by the (slightly) higher reduced pressure at this temperature than
with R134a (p* = 0.122 instead of 0.092).

{Here Fig.10 (width should not be reduced below about 110mm and figure not be put in next section 3!)}

Fig.10: a(q)-dependency for R134a (upper diagram) and the new refrigerant R236fa (lower diagram) boiling
on a bundle of horizontal copper tubes at 4 saturation temperatures between 5 and 20°C.

Big symbols and dashed straight interpolation lines: experimental data from (van Royen et al., 2012).

Small symbols and full curves or straight lines: calculated data for a bundle or single tubes, respectively,
from Heat Atlas prediction method.

In Fig.10, recent measurements of the group of John Thome (van Royen et al., 2012) with R134a and the
new refrigerant R236fa boiling on a bundle of horizontal plain copper tubes (D = 18.95mm; T, = 5 to
20°C; q = 5 to 30kW/m?) are compared with calculated data using the Heat Atlas prediction method.

The calculation procedure is outlined in the upper diagram: The average heat transfer coefficient opyngie 1S
separated in a purely formal way into a, for the lowest row of tubes and the relative improvement (pungie/ 0y)
within the bundle. o, is calculated by additional superposition of the heat transfer coefficients ognen fOr
nucleate boiling and o, cony fOr free convection without bubbles, both for a single tube. The range for the
factor fis 0.5< f < 1. f = 1 has been chosen for the marked convection produced by the narrow pitch of
1.173D for the staggered, equilateral triangle layout used in the experiments. For the relative improvement
within the bundle, a dimensional function of the heat flux q in kW/m? is used as derived from experimental
data in the literature (cf. e.g. Gorenflo, 1984).



For the comparatively big diameter of the tubes, the turbulent variant of Nu = f(Ra) is used (given in Fig.10)
to calculate Ogne cony for both fluids, and one np IS calculated as demonstrated in Fig.1, also for both fluids. For
the Propane-derivative R236fa, however, it should be mentioned that calculation is entirely predictive
because not any experimental data entered the calculation procedure for this fluid and single tubes. It starts
with Eq(6) to get ogcac = 3.76KW/m?K from P; = 1.087(umK)™ at g, p* and Ryo. Then Eq(7) has been used
considering that Ry, will be about 0.6um. Finally, Eqs(2 & 3) have been used for other values of g and p*.

In the paper of van Royen et al. (2012), the only roughness data given is 2.30pum as average value for the
new parameter R,. The new parameter, however, is defined in an entirely different way than the former
parameter R, o, €.9. incorporated in the correlation of Stephan (1963) see the above discussion of Eqs(7 &
8), and also in those of Nishikawa et al. (1982) and Cooper (1984), see # 4 & 1 in Table 1. It is known from
own measurements that R, will amount to about 0.6pum for conventional copper surfaces, if Rppew = 2.30pum
has been measured as in the experiments of Fig.10. Then the former parameter will result in R, g = 1.5um
according to Eq(8).

It can be seen from both diagrams: (a) The 3 calculated full lines for 10/15/20°C are more or less equidistant
for single tubes or the bundle, but: (b) The distances for the bundle are somewhat smaller because of the
convective contribution to heat transfer, which is approximately independent of pressure. (c) The lines for
the bundle are curved because the relative influence of convection increases towards smaller heat fluxes, and
finally: (d) This latter effect is more pronounced for the lower reduced pressures with R236fa (see the bigger
distance between the straight lines and the curves for this fluid at g = 2kW/m2) because oonenp IS SMaller in
the pertaining pressure range and Nu = f(Ra) is nearly independent of pressure.

Comparison between dashed straight lines interpolating the experimental data for the bundle and calculated
full curves reveals for both fluids (a) that acac < ey, holds throughout the g- & p*-ranges of the experiments,
(b) that the difference between measured and calculated values is smallest at 10°C and increases
systematically for the two higher temperatures (or pressures), and (c) that the experimental peculiarity for
5°C, with a-values being approximately the same as for 15°C, does not exist in the calculation.

A more detailed investigation reveals for R134a in the upper diagram that the calculated values lie within the
experimental scatter for 10°C, deviate to the lower for less than 10% at 15°C, and deviation increases to -20
or -30% at 20°C for the highest or lowest experimental g-value, respectively. For R236fa in the lower
diagram, the deviations of the calculated values to the lower are found to be less than 10 or 20% at 10 or
15°C, respectively, and at 20°C, the deviations are approximately the same as for R134a.

It is remarkable that in the case of R134a (upper diagram), oe, for the bundle is almost independent of
pressure between 5 and 15°C in the restricted g-range of the measurements at 20°C. On the other hand,
however, the relative increase from 15 to 20°C is about twice or three times the one following from the p*-
dependence of Eq(3) for single tubes at the highest or lowest experimental g-value at 20°C, respectively.
Having in mind the discussion for Fig.9 about convection caused by bubbles, and that the relative increase of
a with p* as predicted by Eq(3) is most pronounced in the pertaining p*-range of 0.12 < p* < 0.14, if
compared with all the other correlations in the lower diagrams of Fig.11, the effect is likely to be caused by
special features during the experiments.

Finally, the following should be mentioned: (a) In the above comparison, the own interpolation lines of
Fig.10 have been used which differ slightly from the a(q)-equations given in the paper of van Royen et al.
(2012) for the 4 pressures. (b) The experimental a(q,p*)-dependency for the other fluid is not explicitly given
in the paper as for R134a, that is why the above comparison has been restricted to R134a. Instead: (c) The
a(q)-equations of the paper for the interpolation lines have been used for R236fa in the lower diagram of
Fig.10 (dashed straight lines) and the experimental limits oy OF amin have been extracted from a diagram of
Olcalc OVET Olexp 1N the paper, which does not contain information about q or p* for the o-data.

The next main part will again be dedicated to single tubes, and the sequence of discussion will be as before
by analyzing the influences of q and p* first and then that of thermophysical properties of the fluid.
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3. COMPARISON OF PREDICTION METHODS FOR NUCLEATE BOILING ON
SINGLE HORIZONTAL TUBES

In this section, 8 prediction methods (listed in Table 1) from the literature for nucleate boiling heat transfer
are compared with the method and the experimental data bank in the Heat Atlas. In Gorenflo et al. (2004), 5
of the 9 methods were reviewed (#1,3,4, a slightly different version of #8, and the former version of #9), and
a detailed assessment of the semi-mechanistic methods of #6 & 7 has been given recently by Kenning et al.
(2009). The general features of the methods are:

{Here Table 1}
Table 1. Selection of prediction methods for nucleate pool boiling heat transfer

o apower law similar to Eq(2), for the influence of the heat flux (all of the methods #1-9),

e an explicit term of p* for the influence of the pressure (#1-5 & 9) and for two of them an additional term
with pressure dependent properties (#3 & 5),

o pressure dependence of a modeled only by properties of the fluid (#6-8), and
o an explicit term for the influence of surface roughness of the heater (#1, 2, 4, 9).

The discussion of the methods will be organized as in Section 2, without the part on the influence of
roughness, however, because this has already been done in 2.4. Some abbreviations existing only in Table 1
have not been included in the nomenclature of the paper, but are explained within the table.

3.1 Influence of heat flux and pressure

The o(q)-dependence is shown in the n(p*)-representation at the top of Fig.11. For 6 of the methods, the
exponent n of the heat flux in Eq(2) is independent of pressure, with values well below the shaded area of the
main experimental scatter up to about p* = 0.1 for 5 (#1, 5-8). For # 4, n = 0.8 is crossing the shaded area
from its lower limit at very small (sub-athmospheric) pressures to its upper near p* = 0.6. For two of the
methods, n is decreasing with rising p*, with values near the lower limit of the experimental scatter
throughout the p*-range for one (#2) and for the other (#3), n(p*) and a(p*) will be discussed separately in
Fig.12.

{Here Fig.11 (width should not be reduced below about 110mm because of the many different data given)}

Fig.11: Pressure dependence of n and relative pressure dependence of o for the correlations in Table 1 and
comparison with the (approximate) experimental scatter of the review in Fig.3 (shaded)

The pressure dependence of a is represented in the middle of Fig.11 for those (3) methods that contain an
explicit term with p* as the Heat Atlas-method # 9. For two (#1 & 4), the pressure dependence is
significantly weaker than for the experimental database, while the relative a(p*)-dependence of the third (#2)
remains within the experimental scatter for p* < 0.4 and follows approximately its lower limit for higher p*.
This holds for the former Heat Atlas correlation in a similar way, however with less pronounced deviations
from the centre of experimental scatter (cf. Fig. 3, upper diagram).

In the lowest diagram of Fig.11, a/o, calculated for Methanol & R152a using 3 methods with pressure
dependent thermophysical properties is compared with the experimental data of Fig.2 for the two fluids. The
result for # 7 is similar to # 1 & 4 in the middle. For # 6, the pressure dependence is significantly too weak at
very small p*, while it remains within the experimental scatter for p* > 0.2. The a(p*)-dependence of # 5 is
even stronger than in the Heat Atlas method at high p* > 0.6, and for low p*, it is approximately following
the upper limit of the shaded area.

For # 8, deviations from experimental values are small near atmospheric pressure, while its relative pressure
dependence is too weak at higher pressures. Therefore it had been recommended in the Heat Atlas up to 2010
to calculate a-values for p* = 0.03, lying near pum for many organic fluids, and to use F(p*) of Eq.(3) to
determine oy at p*, = 0.1. All statements about # 8 in the next section hold for this combination with method
#9.
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For method # 3, n(p*) and a(p*) are represented separately in Fig.12 (which has been extended from
Kotthoff, Gorenflo, 2008). The pertaining measurements with 8 refrigerants and 4 hydrocarbons are
restricted, however, to the constant temperature T, = 7°C. Whereas the relative pressure dependence of o for
the measurements agrees well with Eq(3) and the shaded area of Fig.2 in the upper diagram, the experimental
or calculated n(p*)-dependence (symbols or dot-dashed line in the lower) follows the former n(p*)-
correlation of the Heat Atlas, but only for small p* up to about 10% of p.. For higher p*, the n-values
become definitely too small. (For the method that was used to generate the relative pressure dependence of o
in the upper diagram from experimental data at a single pressure for each fluid, see Kotthoff, Gorenflo
(2008) and Kotthoff (2014).)

{Here Fig.12. (It may be reduced in size to one column = width of 84mm.)}

Fig.12: n(p*)- and relative a(p*)-dependence for the measurements of Jung et al. (2003, 2004) for 8
refrigerants and 4 hydrocarbons at constant T, = 7°C listed in the literature review, and comparison with the
results of Fig.2 (from Kotthoff, Gorenflo (2008), extended)

The experimental oo-values of Jung’s group at p* = 0.1 are systematically smaller than according to the
update, see the discussion for the closed small symbols in Fig.7. The o(p*)-dependence of their method # 3 is
becoming very strong for p* > 0.5, and differences in a, e.g. between Methane and Heptane rise up to 50 or
100%, see Kotthoff, Gorenflo (2008). Both aspects indicate that extrapolation to high p* would predict too
high a-values and that the influence of the thermophysical properties of the fluids in this method should be
revised. Therefore, it has not been considered in the next section.

3.2 Influence of thermophysical properties at p*,

In Tables 2 and 3, the deviations between the experimental database of the Heat Atlas and the ag-values
calculated with 7 of the methods (except # 3 & 4) are listed in the form Aa/ag,exp. (Method # 3 has already
been analyzed above, and method # 4 will be treated separately at the end of the section.) In Table 2 and
Fig.13 the mean relative deviations are presented for each of the prediction methods, sub-divided into
updated/non-updated/all fluids, and in Table 3 the individual deviations and ao,exp-values are given for each
of the 55 fluids of the data bank. The new refrigerant R1234yf was not included because experimental data is
scarce, and Helium cannot be included because g, = 20kW/m? is too high for nucleate boiling of this fluid.

{Here Table 2 }

Table 2. Mean relative deviations of calculated from experimental o,-values for updated/non updated/all
fluids of Table 3

{Table 3 on page following Table 2, and Fig.13 (reduced in size to one column) below Table 3 }

Table 3. Relative deviations (%) of calculated from experimental o,-values at qq, pg, Rag On copper heaters
for the fluids of the Heat Atlas data bank and 7 of the 9 prediction methods in Table 1

Fig.13: Bar chart of the mean deviations for 6 of the prediction methods in Table 2

The figures for the mean deviations in terms of the absolute value for the 7 methods included in Table 2
(#1,2,5-9) reveal that the deviations are highest for # 1 or with comparatively small differences for 3
methods, either on an intermediate (#2,5,6) or low level (#7,8,9), respectively. The separation of the latter 6
in these two groups is more easily visible from the bar chart of Fig.13, with deviations around 10% for
updated or all fluids, respectively, in case of the 3 methods on the right and around 20% for the other 3. It is
remarkable for # 1 or 6 that almost no fluids are underpredicted or overpredicted, respectively. For engineers
in practice, the latter is more desirable because it results in design “on the safe side”.

In case of # 9, it is remarkable on the other hand that mean deviation of the updated fluids is very small
(4.2%), while that of the non-updated is more than 3 times as high (14.9%, see also Table 3). Preferred fitting
of Eq(6) to the updated could be used as an argument, but the effect will be limited, (a) because the Psrange
for the updated is much smaller than for the non-updated fluids (Fig.6) and (b) because there are only 2
fitting parameters in Eq(6) (in case of # 3, 6, 8, the situation would be different because much more fitting
parameters for the thermophysical properties are involved, see Table 1). In fact, it is more likely that new
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experimental results for the non-updated fluids will reduce their deviations which are mostly to the lower,
see also the explanations for the lower diagram of Fig.6.

In the following, the predicted oo-values for 7 of the methods listed in Table 1 are compared with the
experimental values of the Heat Atlas data bank given in Table 3, first column on the left. Except for
methods # 1 & 2 in Fig.14, that contain only the molar mass M as fluid property (besides p. in p*), the
predictions of the 5 others are also compared with the ag(Ps)-relationship of the Heat Atlas method, Eq(6),
and plotted over the characteristic parameter P; of the fluids according to Eq(4) in Figs.15 to 17.

Prediction methods # 1 & 2 of Cooper (1984) or Ribatski and Saiz Jabardo (2003): The comparison of
these methods in Fig.14 shows (a) the identical a(M®°)-relationship and (b) the parallel shift of both
methods with # 2 being much closer to most of the experimental values, cf. calculated full straight lines or
big symbols, respectively, in the lower diagram.

Besides that there appear two contrasting tendencies: On the one hand, the exgerlmental data for the updated
alcohols (A; — A,) and hydrocarbons (C; — C;, except for C,) follow the a(M™°)-relation of the two methods
within narrow limits of error — with the systematic deviations in the absolute values, however, which have
already been mentioned in (b), see the full or dashed parallel straight lines. On the other hand, there exist (c)
great differences in experimental ag-values for the same molar mass (vertical lines with tips) or (d) very
small differences in the a-values of refrigerants over a wide range of M, see the halogenated C, — C,4
derivatives within the shaded area. This demonstrates that it is not sufficient to use only M for modeling the
influence of the thermophysical properties on a at p*; = 0.1.

{Here Fig.14 (width should not be reduced below about 120mm because of the many different data given)}

Fig.14: Comparison of experimental and calculated op-values for prediction methods # 1 & 2 of Cooper
(1984) and Ribatski, Saiz Jabardo (2003)

Methods # 5 & 8 of Cornwell, Houston (1994) or Stephan, Preusser (1979) combined with Fp- of #9:
For method # 5 which is one of those with intermediate mean deviations in the bar chart of Fig.13, two
systematic effects appear in the upper big diagram of Fig.15: (a) Almost all heat transfer coeff|C|ents
calculated for P; < 1.5(umK)™ fall in the same narrow range of ae-values between about 3.2 & 4.5kW/m°K.
And (b) ao-values calculated for 1 < P; < 3.2(umK)™ are increasing systematically from about 4 to
6.5kW/m°K for R152a or CH, at P; = 1.3 or 3.15(umK)™, respectlvely The cryogens with P; > 4(umK)™*
would be underpredicted, with distances to the experlmental values increasing from O, to H,. These fluids
are lying, however, beyond the range of validity given by Cornwell, see the dashed vertical line in the upper
diagrams.

For the combined method # 8, the deviations in the lower two diagrams of Fig.15 are small throughout the
(P)-range from 0.5 to 20 (umK)™ without systematic effects for the different groups of fluids (except for
some systematic overprediction that can be seen for small hydrocarbons).

{Here Fig.15 (width should not be reduced below about 130mm because of the many different data given)}

Fig.15: Deviations between experimental and calculated o,-values for Cornwell/Houston prediction method
(upper two diagrams) and Stephan/Preusser prediction method combined with F(p*) of method #9 (lower
two diagrams), and comparison of both with o(Ps)-relationship of VDI Heat Atlas

Methods # 6 & 7 of Yagov (2009) and Shekriladze (2008): In the development of both of these methods,
Eq(5) is included. Therefore, a systematic influence of Ps should appear in the calculated ag-values. And in
fact, this is clearly evident from all the a,o(Ps)-diagrams of Fig.16. In addition, almost all values calculated
from method # 6 are lying in very narrow a-ranges around the boldly dashed straight lines which are shifted
downwards for -20% from Eq(6) in the upper diagrams. Two consequences are following for this method: (a)
Overprediction occurs only for 5 fluids, see the 5 coloured vertical arrows. (b) For some of the non-updated
refrigerants with approximately the same experimental deviations of -20% from Eq(6) (big open squares),
the deviations of the calculated values (small open squares) are somewhat smaller than for the other fluids.
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For method # 7 with small mean deviations in the bar chart, the differences between predicted and
experimental oo-values in the lower diagrams of Fig.16 are particularly small for almost all hydrocarbons
(small diamonds with or without dashes) and most of the non-updated refrigerants (small open squares). On
the other hand, systematic deviations downwards exist for the calculated values of many updated refrigerants
(small squares with dashes).

{Here Fig.16 (width should not be reduced below about 130mm because of the many different data given)}

Fig.16: Deviations between experimental and calculated o,-values for Yagov prediction method (upper three
diagrams) and Shekriladze prediction method (lower three diagrams), and comparison of both with o(Ps)-
relationship of VDI Heat Atlas

Method # 4 of Nishikawa, Fujita, Ohta, Hidaka (1982): The only properties of the fluid included in this
method are M, p., and T.. Therefore, the result of Fig.17 had not been expected that the data calculated by
method #4 (small symbols in both diagrams) can also be interpolated by a uniform power law of ay with P
corresponding to Eq(6), see the bold straight interpolation lines in both diagrams. Any deviations beyond the
narrow limits of scatter given in the diagrams (dashed lines for £10% running parallel to the bold full lines)
exist merely for Neon, Methanol and Ethanol. The only differences of the modified ao(Ps)-power law to
Eq(6) are the new fitting parameters of factor A = oyer = 4.4kW/m’K and exponent m = 0.815. As can be seen
from the lower diagram, the modified correlation and Eq(6) are coinciding near oo = 2kW/m?K.

{Here Fig.17 (width should not be reduced below about 130mm because of the many different data given)}

Fig.17: Deviations between experimental and calculated o,-values for Nishikawa, Fujita prediction method
and comparison with a,(Ps)-relationship of VDI Heat Atlas

The differences between measured and calculated ag-values (big or small symbols) are increasing for
rising P, with only a few exceptions: the updated alcohols in the upper, and water, ammonia and some of the
non-updated refrigerants in the lower diagram of Fig.17. It seems that the deviations may result from fitting
the correlation of method #4 particularly to water and ammonia as follows from the vanishing deviations
between measurement and calculation for these fluids (big and small circles in the lower diagram).

On the other hand, a closer look at the updated hydrocarbons, HFC-refrigerants and alcohols in the upper
diagram of Fig.17 reveals that deviations between ay-values calculated by method #4 or a modified o(Ps)-
power law, respectively, will become extremely smaller than the overall scatter of +10% given for the two
prediction methods, if the power law will be fitted individually to each of the 3 groups of fluids: Modifying
the (overall) factor of 4.4 to 4.63 or 4.23 for hydrocarbons or refrigerants, respectively, results in the two
dotted straight lines running parallel to the bold full line. The individual fits have reduced the maximum
scatter to £3% for hydrocarbons (+3.2% for Propane or -2.9% for Cyclohexane) and +3.5% for HFC-
refrigerants (+3.5% for R32 or -3.5% for R227). For the other halocarbon refrigerants in Table 2, deviations
are only slightly higher, if the former mixture R502 is not taken into account, with maxima of +4.3% for
R13BL1 or -4.0% for R14. For CO,, deviations do not exceed 5%, if any of the three factors is used.

In case of the alcohols, the slope of the dotted straight line is significantly less pronounced than for the two
other families of fluids, so both fitting parameters have to be modified to oy = 4.08kW/m?K and m = 0.388.
As a result, deviations between the two calculation methods are least, with maxima of +1.4% for 2-Propanol
or -1.3% for Ethanol. And for the two non-updated alcohols of Table 2, only one of the deviations is slightly
higher (+1.3% for n-Butanol and -1.7% for i-Butanol).

Above all, the very small scatter between the small symbols calculated by method #4 and each of the 3
pertaining dotted lines calculated by ag(Ps)-relationships reveals that a close relation seems to exist between
the excess pressure within a bubble at vapour/liquid equilibrium and thermodynamic properties at the Critical
State, at least for substances within the same family of fluids. Therefore, it should be worthwhile to
investigate further in the relation between the definition of P; in Eq(4) and the combination of M, p, and T,
in this prediction method. Similar combinations of M, R, p,, and T, had often been used by Soviet
researchers more than 50 years ago to model the absolute values of a in pool boiling heat transfer.
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Finally, the other part of the influence of thermophysical properties will be discussed again that is
represented by the factor F« in Eq(1) or the empirical function of the reduced pressure in Eq(3), respectively,
and it is tried to model also this part by means of the fluid parameter Ps . In a first attempt, Ps is applied to the
data set in Fig.2 for the fluids of the own measurements. The mixture R507 has been excluded from the 23
fluids investigated because the standardized composition of this mixture (50/50 mass-% of R125/R143a)
forms an azeotrope at low saturation temperature so data at high reduced pressures might be influenced by
slightly zeotropic behavior.

{Here Fig.18 (width should not be reduced below about 150mm because of the many different data given)}

Fig.18: Representation of the relative pressure dependence of o in terms of the fluid parameter Ps for the
fluids of Fig.2 (without the mixture R507)

In Fig.18, the heat transfer coefficients o for the entire experimental pressure range — indicated by the
inserted p*-scale — have been reduced by their values at p*, = 0.1 as in the lower diagram of Fig.2. The fluid
parameter Ps has also been reduced by its value at p*, to form P¢* = P¢/Psq, with Ps = [(dp/dT)yec /o] at
variable reduced pressure p* and Psq at p*, = 0.1. The bold straight line for

¥ = pir00 ©)

corresponds to Eq(6), and the experimental data from about atmospheric pressure up to p* = 0.8 are
represented fairly well by the power law of Eq(9), with deviations exceeding the limits of £10% only in a
few cases.

Thus, the influence of thermophysical properties on o, which above was separated more or less arbitrarily in
two parts, is combined again, and the two functions Fy« and F; in Eq(1) may be replaced by Eq(9). This is
plausible for the pressure range near p*, because the same (kind of) cavities within the roughness structure of
the heated surface will be activated as nucleation sites, either at p*, = const or at somewhat higher or lower
p*, respectively. Having in mind that the size of potential nucleation sites is getting smaller and smaller with
increasing reduced pressure, it is by no means a matter of course, however, that the power law found for p*,
= 0.1 will hold up to the highest pressures investigated.

Instead, an additional influence of the size distribution of the cavities on the heated surface should appear.
Maybe, the special treatment of the tubes used for the experiments of Fig.2 or 18, respectively, by
sandblasting twice and with different blasting pressures and grain sizes has produced plenty of potential
nucleation sites of all sizes needed up to p* = 0.8 (and higher, see Gorenflo et al., 2010).

For very low reduced pressures, however, effects connected with the vigorous convection induced by the
(few) big fast-growing and fast-moving bubbles that can be seen on videos from this pressure range will
become dominating and nucleation-controlled heat transfer which is governed by Eq(5) will lose importance.
And indeed, the relative increase of o with Py is significantly different and less pronounced in this pressure
range for the measurements of methanol at the lowest two pressures which are sub-atmospheric (see the left
vertical arrow for p.m) — and also for those at the two higher pressures which, however, can also be
interpolated (almost equally well) by the stronger relative increase of a with P¢in Eq(9).

Nevertheless, the remaining relative pressure dependence at low p* is significantly more pronounced than
the very weak increase of a with p* for single-phase free convection which is governed by the density
difference of the liquid between the heated boundary layer and the pool. And the more pronounced o(p*)-
dependence of this kind of convection is consistent with the fact that it is induced by the big bubbles at low
p* because both, size of the bubbles and their local density on the heated wall depend on p*.

The very first interpretation given above for the entire a*(P¢*)-relation shown in Fig.18, which results merely
from the own measurements with two tubes of similar surface treatment, should be checked carefully by
further detailed comparisons with the relative increase of o with Py following from other coherent
experimental data sets.
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4. CONCLUSIONS

The comparison of various prediction methods for nucleate boiling heat transfer has shown that prediction of
the influences of heat flux g, reduced pressure p*, and properties of the fluid on a is already comparatively
safe. Knowledge of the influence of the heater, however, should be improved with very first priority, also
because it is connected with the influences of p* and particularly of g, because the strict separation of the
various influences as has been done in Eq(1) — except for the p*-dependence of n — is only a first approach.
And for better interpretation of the influence of thermophysical properties of the fluid, more accurate
experimental data on surface tension are needed for most of the fluids important in industrial applications of
pool boiling.
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Figure captions and table headings:

Fig. 1: Concept of the calculation method shown for i-Butane boiling on a copper tube

Fig. 2: Pressure dependence of n and relative pressure dependence of a for the own new experiments with 23
fluids and comparison with the correlations of the Heat Atlas

Fig. 3: Pressure dependence of n and o for the new experiments of the literature review and comparison with
the Heat Atlas calculation method. Top: Hydrocarbons (together with the overall scatter of the former
experimental Heat Atlas database for organic fluids). Bottom: Refrigerants, alcohols and 3 fluids from other
groups

Fig. 4: ag1(Ps)-representation for the own new experiments with 23 fluids boiling on the two copper tubes # 1
& 2. Top: Separate diagrams for tube # 1 or # 2. Bottom: Data for both tubes compared with
Eq(6) adapted to R, «, (dashed lines) and with earlier data for 3 of the fluids boiling on a
fine sandblasted 25mm-tube (#3, small symbols; from Danger, 2004)

Fig. 5: Update of the former experimental database for a, (big open symbols) in the Heat Atlas by new
experiments (small symbols) and comparison with the updated database (shaded big symbols) and the o(Ps)-
correlation

Fig. 6: Comparison of the o,(Pg)-correlation with the new experimental database of the Heat Atlas
Upper two diagrams: updated fluids; lower two diagrams: non-updated fluids and H,O, NH;

Fig.7: ao(Pg-dependence for discussion of new measurements with n-Butanol and the new refrigerant
R1234yf

Fig.8: Relative differences Ao for copper tubes with different surface roughness:
Comparison of measurements (partly closed symbols and full lines) with calculated data for 4 of the
prediction methods in Table 1 of Section 3 (open symbols and dot-dashed lines)

Fig.9: a(q)-dependency for R134a and the new refrigerant R1234yf boiling on flat plain or finned copper
plates (from Park, Jung, 2010, extended)

Fig.10: a(q)-dependency for R134a (upper diagram) and the new refrigerant R236fa (lower diagram) boiling
on a bundle of horizontal copper tubes at 4 saturation temperatures between 5 and 20°C.

Big symbols and dashed straight interpolation lines: experimental data from (van Royen et al., 2012).

Small symbols and full curves or straight lines: calculated data for a bundle or single tubes, respectively,
from Heat Atlas prediction method.

Fig.11: Pressure dependence of n and relative pressure dependence of o for the correlations in Table 1 and
comparison with the (approximate) experimental scatter of the review in Fig.3 (shaded)
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Fig.12: n(p*)- and relative a(p*)-dependence for the measurements of Jung et al. (2003, 2004) for 8
refrigerants and 4 hydrocarbons at constant T, = 7°C listed in the literature review, and comparison with the
results of Fig.2 (from Kotthoff, Gorenflo (2008), extended)

Fig.13: Bar chart of the mean deviations for 6 of the prediction methods in Table 2

Fig.14: Comparison of experimental and calculated op-values for prediction methods # 1 & 2 of Cooper
(1984) and Ribatski, Saiz Jabardo (2003)

Fig.15: Deviations between experimental and calculated o,-values for Cornwell/Houston prediction method
(upper two diagrams) and Stephan/Preusser prediction method combined with F(p*) of method #9 (lower
two diagrams), and comparison of both with o(Ps)-relationship of VDI Heat Atlas

Fig.16: Deviations between experimental and calculated o,-values for Yagov prediction method (upper three
diagrams) and Shekriladze prediction method (lower three diagrams), and comparison of both with o,o(Py)-
relationship of VDI Heat Atlas

Fig.17: Deviations between experimental and calculated o,-values for Nishikawa, Fujita prediction method
and comparison with a,(Ps)-relationship of VDI Heat Atlas

Fig.18: Representation of the relative pressure dependence of o in terms of the fluid parameter Ps for the
fluids of Fig.2 (without the mixture R507)

Table 1. Selection of prediction methods for nucleate pool boiling heat transfer

Table 2. Mean relative deviations of calculated from experimental o,-values for updated/non updated/all
fluids of Table 3

Table 3. Relative deviations (%) of calculated from experimental o,-values at qq, pg, Rag On copper heaters
for the fluids of the Heat Atlas data bank and 7 of the 9 prediction methods in Table 1
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Table 1. Selection of prediction methods for nucleate pool boiling heat transfer

Cooper (1984) a = CW . M—O.S . p*(0.12 —0.21g Ry 01a) . (_ logp*)—O.SS q 0.67‘ with q in W/mZ'

C,, = 95/55 for copper/stainless steel, and Ry, =Ry/04 inum,

Ripatski, a =C, M5 . p045.(—logp*°8)-Ra%?-q™, with m=0.9—03p**2% qinW/m? R, in um
SaizJabardo and C,, = 100/110/85 for copper /brass/stainless steel
(2003)
Jung, Lee, Bae, Ao (App\O°3 dyg\"
Oho (2004) @ =414 _"(ﬂ) (—logp™) 152 (Lq) ,with m = 0.835(1 — p*)%, d,, see #8

dp \ py AeTs
Nishikawa, pc? .
Fujita, Ohta, =~ @ =314 Mo1- 7,09 F®") - G(Rpoiap*) -q%%,  with  F(p*) =p**2/(1-0.99p")°,
Hidaka(1982) G=(8Rp, )o 2079, q,p.,Te, M, Ry o1a = Rg/0.4 in W/m?,N/m? K, kg/kmol,um
Cornwell, 2 cN\/ D 067
Houston @ =975 F(): pe°° (%> <Ah ; ) ., F(p7)=18p™7 +4p™2 + 10p"'°, p, inbar
(1994) ¢ tale
Yagov Ahgy AT 2, 2\11/3 15

“q Aht’g (V{’ pg)

2009; 1988 = 0. 0 —]| = ol )05 "
( ) a=007 [(1+ TR )(1+(1+8OOB) +4003)( s S)] B = i, T

AT = 5K for ao(qolpg)

Shekriladze 1 25 AR 0.7 _ 5  6eop?T.
(2008, @ =00122 2 Reg, 025 . (2 Lo=200T) ity Reg, = [p(eg* = piM)I"™ - ocptTs
1981,1966) To o AT neAhZ,p2

1o = 6 um for ay(qo, Po)
Stephan, 012, [pg]015 WQ’ -0.162 23 035 Ahygd2pics 0371 d, q1°%7* B 0.5
Preusser a= — 5 > ,  dp=0.146p
(1979), p*=0.03 dp Lpe peciady, 4 A¢Ts 9Bpeg
& F(p*) of #9 B = 45 (water); 1°(cryogens) , 35 (other fluids)
VDI Heat Atlas  « q\"®) 1.4p*

Gorenflo,

a
Kenning (2010) '/

n
= F@) F) @ =p) Ky with @)= () L FG7) = 07p0 +4p 4
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n = 0.95 — 0.3p*%3

0.25
F =F.F [ ]2/15 ()\pc)w] . F (p*)z [ PfO :|0.6 P = (dp/dT)VPC
REM™ R O\pC)Cu ' e Pfref pB=0.1‘ f o ’
Arep = 3.58 kW /m?K at Pyrep = 1(K - um) ™%, qo = 20kW /m? ,p; = 0.1, Rgo = 0.4um, wall: Cu
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Table 2. Mean relative deviations of calculated from experimental o -values for updated / non updated /

all fluids of Table 3
Cooper Cornwell, . Ribatski, Yagov Stephan, Shekriladze Heat
Houston Saiz Jabardo Preusser Atlas
#1 5 2 6 8 7 9
UPDATED FLUIDS (number) 28 28 28 28 27 28 28
positive sign 28 17 19 1 11 14 15
negative sign 0 11 9 27 16 14 13
RMS % 85.9 22.7 23.8 20.0 17.1 11.4 6.4
mean absolute value % 78.2 17.3 21.4 18.9 11.8 8.2 4.2
NON-UPDATED (number) 27 27 27 27 27 27 27
positive sign 25 16 8 4 15 10 15
negative sign 2 11 19 23 12 17 12
RMS % 65.6 a44.4 28.7 20.6 15.3 18.2 17.3
mean absolute value % 51.8 32.7 24.2 18.1 124 13.6 14.9
ALL FLUIDS (number) 55 55 55 55 54 55 55
positive sign 53 33 27 5 26 24 30
negative sign 2 22 28 50 28 31 25
RMS % 76.6 35.0 26.3 20.3 16.2 15.1 13.0

mean absolute value % 65.2 24.9 22.8 18.5 12.1 10.8 9.5



Table 3. Relative deviations (%) of calculated from experimental o-values at qg, p , R 50 On copper
heaters for the fluids of the Heat Atlas data bank

Updated fluids ao,ex?. Cooper Cornwell, . Ribatski, Yagov Stephan, Shekriladze  Heat Atlas
kW/m’K Houston Saiz Jabardo Preusser

Methane 7.20 90.28 -9.60 16.81 -15.14 24.31 1.71 -1.11
Ethene 4.20 146.67 30.10 51.43 13.21 60.71 25.55 25.71
Ethane 4.60 117.61 11.00 33.48 -9.59 25.65 5.26 7.17
Propene 4.20 101.43 13.71 23.57 -12.52 16.67 -0.29 1.19
Propane 4.30 92.09 -1.02 17.91 -23.60 3.26 -10.14 -4.42
n-Butane 3.60 100.00 12.44 22.78 -18.08 1.67 -1.97 2.50
i-Butane 3.70 94.59 0.22 19.46 -23.22 -3.51 -9.97 0.27
n-Pentane 3.30 95.76 16.82 20.00 -19.18 0.00 -2.18 0.00
i-Pentane 3.20 101.88 21.78 23.75 -15.69 1.88 0.75 4.06
n-Hexane 3.20 84.69 26.78 13.44 -15.25 -2.19 0.91 -3.13
Cyclohexane 3.00 99.33 28.17 22.33 -17.00 -10.33 -8.27 4.00
n-Heptane 2.90 88.97 41.10 15.86 -8.59 -7.24 8.07 -0.69
Carbon dioxide 5.50 50.36 15.00 -7.64 -14.05 -21.27 0.00 -2.73
R23 4.80 36.67 0.58 -16.25 -16.33 12.71 0.94 4.58
R32 5.00 52.20 8.10 -6.60 -16.74 17.20 2.36 -6.20
R125 4.40 13.86 -14.14 -30.23 -24.11 -11.82 -15.32 0.68
R134a 4.20 29.29 -6.76 -20.71 -22.38 -6.67 -9.64 1.19
R143a 4.70 27.45 -17.36 -21.91 -30.00 -5.53 -17.06 -8.51
R152a 4.60 46.74 -11.76 -10.00 -28.98 -7.61 -13.67 -8.70
R227ea 4.10 2.68 -18.56 -37.07 -29.37 -24.39 -21.80 -4.39
R507, az. 4.20 31.43 -11.50 -19.29 -23.86 -3.81 -10.14 3.57
Methanol 5.15 88.35 -9.42 15.53 -22.39 -0.19 0.17 -4.08
Ethanol 4.35 85.75 -8.23 14.02 -19.29 -1.61 -0.28 1.15
n-Propanol 3.75 88.80 13.79 15.73 -22.16 -8.27 7.41 -1.33
2-Propanol 3.95 79.24 -7.06 9.87 -27.01 -17.97 -5.95 -3.80
2-Butanol 3.40 87.65 30.38 15.00 -27.15 -12.94 8.74 -2.35
Acetaldehyde 3.50 136.29 74.34 44.86 -2.34 - 31.09 6.00
Acetone 3.30 118.18 25.58 33.94 -11.45 10.00 9.94 5.15
Non-updated fluids

Benzene 2.90 114.14 45.24 31.38 -14.21 4.48 4.00 4.48
Toluene 2.80 104.29 39.07 25.36 -16.46 14.64 5.29 5.36
Diphenyl 2.10 110.48 106.24 29.05 2.05 7.14 27.95 17.62
RC318 4.20 -7.62 -22.12 -43.33 -30.50 -32.86 -30.19 -11.67
R13B1 3.50 28.57 12.86 -21.14 -14.40 7.14 -1.20 19.14
R22 3.90 51.28 7.03 -7.18 -15.13 11.28 -1.41 11.79
R11 2.80 67.14 24.21 2.50 -10.29 6.79 0.75 23.21
R12 4.00 24.75 -8.00 -23.50 -28.30 -9.00 -17.75 -0.25
R13 3.90 37.69 7.10 -15.64 -12.03 11.28 -2.05 22.31
R14 4.75 23.16 -22.69 -24.42 -8.08 5.26 9.52 25.68
R123 3.00 48.00 7.70 -9.33 -16.97 -3.67 -3.97 17.33
R113 2.65 51.32 11.02 -7.17 -14.08 -8.68 -7.17 20.75
R114 3.80 10.53 -13.68 -32.11 -34.55 -23.95 -22.18 -5.00
R115 4.20 5.24 -20.14 -35.48 -30.67 -20.95 -23.81 -3.33
R502, az. 3.30 57.27 15.48 -3.33 -4.67 -2.42 8.21 24.24
n-Butanol 2.60 145.38 75.65 50.38 9.88 10.00 49.42 28.85
i-Butanol 4.50 41.78 -12.33 -13.11 -38.87 -27.56 -22.02 -24.44
CH3Cl 4.40 75.45 20.55 7.73 -15.84 20.91 -2.41 -5.00
CCl, 3.20 38.44 18.66 -15.31 -29.50 -19.38 -16.81 -7.50
SFg 3.70 22.70 13.05 -24.59 12.19 -28.38 -3.46 22.16
Oxygen 9.50 2.11 -25.22 -37.37 -29.25 -7.16 -14.05 -12.00
Nitrogen 10.00 3.70 -34.59 -36.40 -23.79 -3.60 -13.50 -8.90
Argon 8.20 5.85 -27.24 -35.00 -20.71 1.59 -11.67 4.02
Neon 20.00 -38.90 -42.92 -62.55 5.70 14.60 10.72 9.45
Hydrogen 24.00 61.04 -71.09 -1.21 -25.27 1.13 -19.32 -10.54
Water 5.60 131.07 128.11 41.79 -4.82 6.96 37.11 -26.25
Ammonia 7.00 90.14 51.47 16.71 -19.63 24.71 0.94 -30.14






