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UDC 536.24.01 This article provides a review of the correlations and models for determining
the intensity of heat transfer during subcooled boiling in pipes. As a rule, cor-

H EAT TRANSFER DU RING relations are based on dimensionless similarity numbers, while heat exchange

SUBCOOLED BOILING models with subcooled boiling use the principle of superposition of the compo-

nents of heat transfer during forced convection and developed nucleate boiling.
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principle of superposition. This article presents an analysis of the advantages
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ORCID: 0000-0003-3043-2448 boiling and by comparing the results that were obtained by the authors of this
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data obtained during the study of heat transfer during the subcooled boiling of
ammonia in a cylindrical heated tube. The tube diameter d was 6.9 mm, length
Rustem Yu. Turna L was 150 mm, inlet subcooling was ~5 K, saturation temperature range was
rustem.turna @ctph.com.ua 61..65 °C, mass flow rate was 7.5 g/s, and heat flux density range was
5..18 Wen. As a result of the review and comparison with the experimental
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Introduction

The use of heat transfer with developed nucleate boiling allows obtaining high heat transfer coeffi-
cients and, accordingly, minimizing the size and mass of heat transfer equipment. Often, the heat transfer de-
vice receives a subcooled liquid, which is why, in practice, it is necessary to determine the heat transfer inten-
sity in the transition region between the heat transfer during the motion of a single-phase liquid and heat trans-
fer during developed boiling. In this region, the temperature of the heated surface may exceed the saturation
temperature, which will lead to boiling on the surface, despite the fact that the fluid in the core of the flow will
have a temperature below the saturation temperature. Heat transfer during boiling in a liquid subcooled to the
saturated state is not fully studied, although the heat transfer coefficient during subcooled liquid boiling may
increase several times (up to 20 times under certain conditions) compared with that in a single-phase liquid.

Purpose of the Work and Formulation of the Research Problem

The task is to perform a review of the known correlations and models that are used in determining
the heat transfer under subcooled boiling, determine their advantages and disadvantages, compare them with
the experimental data obtained by the authors and, based on the review, identify ways of refining the existing
models or developing new ones for the subcooled boiling heat transfer in heated channels.

Correlations and Models of Subcooled Boiling Heat Transfer
Correlations and models of subcooled boiling heat transfer can be divided into two groups: group 1 where
the correlations are based on simple dimensionless ratios, and group 2 where the heat transfer components during
convection and boiling are calculated separately and then added according to certain methods.
The correlations of the 1st group can be said to include the correlation of Moles & Shaw [1]
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where h7p is the subcooled boiling heat transfer coefficient, W/(mZ-K); h; is the forced convection heat transfer

¢ pLATxuh

coefficient, W/(mZ-K); Bo= is the boiling number; Ja =
1 Tfe
phase density, kg/m®; pv is the vapor phase density, kg/m®; Pr; is the Prandtl number of the liquid phase.

The heat flux density is determined by the temperature pressure (Tw —Tm,) and, accordingly, will be
q= hTP (Tw =T

sat

is the Jacob number; p, is the liquid

). Here, T, is the wall temperature, K; T, is the saturation temperature, K.

There are other correlations for calculating the subcooled boiling heat transfer coefficient, which
have a similar structure. Thus, in work [2], one of such correlations was proposed in the following form:

1.811
% = exp(14.542)Bo"7 - Ja 3% [p—LJ pr/"
L pv

The main disadvantages of the correlations of the 1st group are their failure to be used in the entire area

hrp

of subcooled boiling, because with decreasing subcooling the Jacob number Ja — 0. As a result, — —> o .
L

In addition, the right-hand side of the correlations does not tend to unity at the point of transition from the
forced convection heat transfer to subcooled boiling heat transfer.
The design algorithms of the 2nd group can be said to conditionally include the model described in [3].
To take into account the influence of the forced motion on the intensity of heat transfer, the author
considers three zones whose boundaries are determined by the ratio between the developed nucleate boiling

heat transfer coefficient and the forced fluid convection heat transfer coefficient. This ratio is Az% ,
where h, is the developed nucleate boiling heat transfer coefficient, W/(m*K).

In zone 1, % <0.5, hyp =h, , boiling does not affect heat transfer. The heat transfer intensity is
completely determined by the convection of the liquid.

In zone 2, h‘f/hL >2, hyp =h,, the heat transfer intensity is fully determined by boiling in a large
volume; forced convection does not affect heat transfer.

h . - . . .
Zone 3, 0.5< % <2, is the boiling area with the mutual influence of convective heat transfer and
L

developed boiling heat transfer; the expression for the heat transfer coefficient is described by the interpolation
formula

4h, +h,
S5h,~h

q

p =y

Despite the fact that this algorithm is proposed for calculating the intensity of the saturated liquid
boiling heat transfer, it can also be used to analyze the subcooled boiling heat transfer intensity. It is pro-
posed to determine the subcooled boiling heat flux density by the formula g = h,,, (T, -T,,, ).

Other methods for determining the intensity of subcooled liquid boiling heat transfer are based on
the superposition of heat transfer components. Such an approach was proposed for determining the heat
transfer coefficient during developed nucleate boiling in [4] and then modified for the case of subcooled
boiling. One of such methods is considered in [5] where heat transfer is observed during boiling in a sub-
cooled liquid, in pipes, and in annular channels. The advantage of this method is that the zones of various
heat transfer mechanisms are not specifically identified in advance. The heat transfer coefficient is deter-
mined by the method of superposition of two heat transfer components: the convective component and the
boiling component. In this case, the subcooled boiling heat transfer coefficient will be [6]

i = (Fh, )+ (sh, .
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Thus, the heat transfer coefficient is determined by the ratio between the various mechanisms of heat
transfer. For example, the convective component will prevail over the boiling component F#, if it is much lar-
ger than Shq , and vice versa.

The authors of this work point out that in the case of subcooled boiling, the temperature driving forces
for the convective and boiling components are different. Therefore, the equation for the heat flux density is rep-
resented as

ey

where ¢, is the subcooled boiling heat flux density, W/m? AT, =T, —T, is the difference between the wall
—T, . is the difference between the wall temperature and the

sat

qpp :\/(FhLATb )2 + (ShqATv )2 ’

and subcooled liquid temperature, K; AT, =T,

saturation temperature, K.
Because the heat transfer coefficient for nucleate boiling depends on the heat flux density, the authors

2
2
represent equation (1) as g, = \/ (FhLATb )2 + (Squp/g AT;J . The equation is then written in the form of the
cubic equation ¢i —Cg?—1=0  with respect to the dimensionless parameter g
A,SAT;

2
(MJ . Here,
qr.
2
5
L .
Fh, AT,

Thus, if the channel geometry, mass flow rate, wall temperature 7,,, temperature 7 , and saturation tem-
T

sat

q, = Fh, AT, and CZ(

perature are known, then, when solving the cubic equation, we find ¢.. and then determine the subcooled

Subcooled boiling

3
boiling heat transfer coefficient /i, = F. th*A .
If the heat flow density g, is given,
then, by solving equation (1) with respect to the

Single-phase convection

Noboiling

boiling

Developed subcooled I

temperature driving force between the wall and
the liquid volume, A7, =7, —7,, we obtain

T -T
o, = e 1]

Specific heat Qux, gy

— qpb
q ” S hq (Tsaf - TL)
Finally, the subcooled boiling heat

T
|
|
|
|
|
|
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where A,, = and A

S W

drp

transfer coefficient will be A, = .
ATb T

g

Tonz

Work [7] also uses the superposition Surface temperature. Ty

method, but in a simplified form. The essence

of the method is illustrated in Fig. 1. Fig. 1. Dependence q,,=f(T,) in accordance with model [7]

With increasing heat flux, the wall temperature changes along the ABD line, which corresponds to con-
vective heat transfer. In this case, the specific heat flux is gg; = h; (TW! SPL —TL). When the wall temperature
reaches the boiling point 7, (point D in Fig. 2), vapor bubbles start forming on the wall, the heat transfer

coefficient increases, with the wall temperature decreasing spasmodically (point D").
With further increase in heat flow, the temperature change is characterized by the D'EF curve. Point
E corresponds to the start of fully developed nucleate boiling. In this case, the temperature driving force, de-

pending on the heat flux density, can be represented by the generalized dependence T, g5 — T, = Wqcp-
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In accordance with the proposed
model, the initial subcooled boiling point
(point D in Fig. 1) is determined by the in-
tersection of the ABD and CDE curves, that
is, it follows from the condition

=Tz Subcooled
= boiling
Al

~
=]

F Y

Developed
boiling

quprfd, fush

qp» n
T, sp =T, scp that T} +hi =T +Vq,, -
L
As a result, the subcooling at the initial
boiling point

Heat fraction at single-phase convection,

qpp n
(Tsar -1, )ONB =ATonp = hL —VYq,

T
|
|
|
|
|
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|
|
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L .(2)
" . G =TTy ONB FDB 0.0
The position of point E, corre- Subcooling, AT%s

sponding to fully developed nucleate boil-
ing, is defined as g, =1.4q, [8]. Or, by
analogy with equation (2),

Fig. 2. Dependence of heat fraction at single-phase convection on
subcoolings [7]

qpp b ’
ATy :(Tsat_TL)FDB =(1 4ph j_w(l 4ph j .
Ahy =103

The calculated values of the liquid subcooling up to the saturation temperature AT, = (T,

sat
used to determine the boundaries of various heat exchange mechanisms. For this, it is proposed to use the de-
pendence of the heat flux fraction during convection on the total heat flux during subcooled boiling (see Fig. 2).
In Fig. 2, the following zones are identified (the graph shows a leftward increase in subcooling):
—if the subcooling is more thanAT,, > AT,,, , the heat transfer is characterized by single-phase

T, ) are

convection, evenif T, >T,, ;

—if the subcooling AT, <AT,,, <AT,,; , the convective heat flux and heat flux during boiling are
determined taking into account the diagram in Fig. 3 (dashed line between the ONB and FDB points);

—if the subcooling AT, < AT, , then gz, =0.0 and the heat transfer intensity is determined only

by boiling.
A similar method (superposition method) is proposed in [9], according to which g, =¢gsp, +Ggcp-

The heat flow at single-phase convection is determined as g, =5, (Tw -7, ). Consequently, the heat flux at

boiling ggcp =4, —qspr. - In this article, the heat transfer coefficient or the temperature driving force are de-

termined by the value g5, using one of the correlations for heat exchange during nucleate boiling. Thus,

0.33 1.7
CoL (Tw _Tsar) —C dscs o (CpLMLJ
Tt v WUprs glp,-p,) ki,

The expression for calculating the intensity of heat transfer during boiling in the general case can be
1

this paper uses the ratio

T,-T, | . . . .
represented as gg-p = (”—“”} . From this relation and the relation g, =h; (Tw —Tb), we find the wall

T -T, |\ .
temperature TW, solving the transcendental equation q,, =/ (Tw —Tb)+(”—m’j with respect to T,,. By
U}
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setting the temperature driving force, for example, AT, , =T, —T, ,, we determine the subcooled boiling heat

. . dscs
transfer coefficient =28
hep AT

sat

The following model is a continuation of model [9] and is described in [10]. The essence of the
method is illustrated in Fig. 3. In accordance with the model, the heat flow during subcooled boiling

2 |2
g 9
9pp = 4spL 1+ ﬂ[l_LJ
qspr. dsce
The heat flux g . corresponding to point C" is determined from the equation of the boiling curve

T, ons =T, = Wqe- with the wall temperature equal to the initial boiling point 7}, . To determine the initial

w.

boiling point, the paper proposes the following empirical relations:

8oT. % 1
ATy = (Tw -7, )ONB = K Sg “Pr, qiyg -
feLFy

In this case, the heat flow g\, =5, [ATONB + AT, ].

In [11], it is proposed to approximate
the curve between points C and E (see Fig. 3) Single-phase convection
by the power dependence

9 =a+b(Tw T,

Subcooled boiling F

- Noboiling
) . The constants a, b, m

sat boiling

Developed subcoolad I

are defined as

b= 9 — 4. ,
(ATmt,E )"’ - (ATmt,C )"’

a=g. _b(ATsar,C)m »m=n+pq,,,

037!
p=-—>—and n=1-pq,.

9 —4c

The interpolation proposed provides

for a smooth transition from one heat ex-
change mode to another. In addition, the curve
slope changes with increasing wall tempera-

ture, Wthh COI.TCSPOI_ldS to.the physical picture Fig. 3. Dependence q,,=f(T,) in accordance with the model [10]
of an increase in the intensity of heat exchange

Specific heat lux, gue

A C Surface temperamre, T,

with an increase in the number of evaporation centers.
For the calculation of heat fluxes at points C and E, the author proposes his own correlations. For
example, the heat flux during developed nucleate boiling (point E) is determined by the formula

1
de = [1058(m T ym FﬂhLATsaz,E ]ﬁ .
The heat flux at the initial boiling point (point C) is determined using relations [12, 13]

AT — 4671551[ (vv VL )hL 1+ 1+ kerg ATW}’ qo= kerg
e kL rfg ZGTWI (vv —VL )hL ¢ 86Tsat (vv - VL )

[ATsat,C ]2 .

Model Analysis
In this analysis, we will compare different models of subcooled liquid boiling heat transfer with ex-

perimental data (see Fig. 4). The models based on the dimensionless correlations of Moles & Shaw et al. are
not considered due to their disadvantages presented above.
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on simple dimensionless ratios q Wiem?
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ine. because with decreasin Fig. 4. Comparison of the experimental results with the results obtained using
& . g different models of heat transfer during subcooled boiling
subcooling Ja — 0. As a result

hrp

—— —> 0. In addition, the right-hand side of the correlations does not tend to unity at the point of transition
L
from the forced convection heat transfer to subcooled boiling heat transfer.

2. It is not indicated to what temperature driving force the heat transfer coefficient refers.

3. Among the models based on superposition, the Rohsenow model gives the best agreement with
the experimental results. This model is also the simplest one compared to others.

4. The models of Labuntsov and Liu & Winterton give underestimated wall temperature values. In
addition, the disadvantage of the Labuntsov model is that it requires the specification of heat transfer
boundaries, which must be chosen and justified for each liquid and the range of flow parameters.

5. The disadvantage of the Kandlikar, Bergles & Rohsenow models is that for their realization, it is
necessary to know the wall temperature at the initial boiling point. To search for this temperature, the model
developers use empirical relationships, which also need to be justified.

6. The comparison with the experimental data showed that all the models considered describe the
heat exchange with the subcooled boiling of ammonia in cylindrical pipes in the above parameter range with
a large error. Therefore, the models must either be refined, or new ones must be developed.
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TenJionepenaya npu HeAOrPiTOMY KHIIHHI B TPyOax (or.jsia)
I'akaxn IL. I'., 'opoenxo I'. O., Typua P. 1O., Pemutos E. P.

Hamionansuuii aepokocmiunmii yHiBepeuTeT iM. M. €. J)KykoBcbkoro «XAl»,
61070, Ykpaina, M. XapkiB, Bys. Ukamona, 17

B cmammi nagederno oensio kopensyit ma mooeneil 015 USHAYEHHS IHMEHCUGHOCE MEeNnI000MIRY Nid Hac HedoSpi-
Mo2o KUninHs menionocis y mpyoax. Kopenayii, saix npasuno, ipynmylomscsi Ha 6e3p03MipHUX 4uciax nodioHocmi, 8 moi 4ac
5K 8 MOOeAX Hed02pPimo20 KUNiHHS 8UKOPUCIMOBYEMbCA NPUHYUN CYREPRO3UYT CKIA008UX MenI00OMIHY nio uac euMyuieHoi
KOHBEKYIi Ma PO36UHEH020 NY3UPKOB020 KUNiHHA. Pi3numu agmopamu 3anponoHoeano pisui nioxoou 00 peanizayii npunyuny
cynepnosuyii. B cmammi euxonano ananiz nepesaz ma Hedomnikie Kopenayii ma mooeneu. Ilepesazu ma HeOONiKU USHAUATUCA
SIK WAIXOM QHATEZY (DI3UUHUX 3AKOHOMIDHOCTEL He002pPimo20 KUNIHHsL, MAK I NOPIGHAHHAM Pe3Vlbmamis, 00epAHCAHUX AGMO-
pamu cmammi 3a O0ONOMO20I0 PI3HOMAHIMHUX MOOeNel 3 eKCHePUMEHMATbHUMU OGHUMU NIO YaC QOCTIONCEHHST HeO02Pimozo
KUNIHHsL aMiaKy 6 YuiiHOpuuHii mpyoi, wo obiepisanacy. [liamemp excnepumenmanvoi mpyou ckiaoae d=6,9 mm, 006xcuHa
L=150 mm, nedoepie na éxodi dopisuiosas ~5 K, memnepamypa nacuuenns suaxoounacs 8 oianazoui 61-65 °C, macosa 6u-
mpama cknadana 7,5 2/c, 2ycmuna mennogo2o nomoxy suaxoouiacs 6 oianasoni 5—18 Bm/cy’. B pesymomami oz2nady ma nopi-
GHSAHHS 3 EKCNEPUMEHMATbHUMU OGHUMU BUSHAYEHO, WO ICHYIOUI KOpenayii ma MoOei ONUCyroms Hedoepime KUNIHHS amiaky 3
HeooCmamHnb0I0 MOYHICIO, 0COONUBO Y pa3i CRIILHO2O BNIUBY BUMYUIEHOT KOHBEKYII ma ny3upkoeozo kuniuus. Tomy neobxio-
HO ab0 ymouHio8amu icHyIoui Kopersayii i Mooeni, abo po3pobnsmu HOi MoOeni 015 OibUL MOUHO20 ONUCY MeNI000MiIHY NiO
4ac HeAOSPIMOo2o KUNIHHA amiaKy 6 mpyoax, wo 00iepiearomuCs, y 6KA3aHoMy suuje Oiana3oni napamempis.

Knwowuogi cnosa: medocpime Kuninms, ny3upkoge KuniHHs, GUMYUEHA KOHBEKYIs, MOOeli Hedo2pimoeo Kuninwsl,
NPUHYUN CYNepno3uyii, amiax.
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This paper solves the problem of determining the stress state near cracks in an infinite
hollow cylinder of arbitrary cross section during longitudinal shear oscillations. We
propose an approach that allows us to separately satisfy conditions both on the cracks
and boundaries of a cylinder. The problem reduces to the equations of motion in a flat
domain with the defects bounded by arbitrary smooth closed curves under anti-plane
deformation conditions. The solution scheme is based on the use of discontinuous solu-
tions to the equations of motion of an elastic medium with displacement jumps on the
surfaces of defects. Displacements in a cylinder with defects are represented both as a
sum of discontinuous solutions constructed for each defect and an unknown specific
function ensuring that the conditions of a harmonic load on the body boundaries are
met. This function is sought as a linear combination of linearly independent solutions
to the equations of the theory of elasticity in the frequency domain with unknown coef-
ficients. The constructed representation makes it possible to separately satisfy the
boundary conditions on the surfaces of defects, which results in a set of systems of in-
tegral equations that differ only in their right-hand sides and do not depend on the
body boundary shape. The resulting systems of integral equations can be solved by the
method of mechanical quadratures. After that, the conditions on the boundaries of the
oylindrical body are satisfied, from which the unknown coefficients of the introduced
specific function are determined by a collocation method. Using the approach pro-
posed, the stress intensity factors in the vicinity of defects were calculated. With the
help of those calculations, we investigated the effect of the frequency and location of
the defects on the stress intensity coefficient values.

Keywords: hollow cylinder, harmonic oscillations, stress intensity factors, system of
cracks.

Investigation of the stress state of the bounded bodies with cracks is relevant both for determining the
conditions for the destruction of the bodies by estimating the coefficients of the intensity of dynamic stresses in
the vicinity of cracks and diagnosing such defects based on the information on their effect on resonance frequen-
cies. The results obtained in this direction related mainly to both unbounded and semi-bounded defective bodies
[1-4]. A much smaller number of situations have been considered for the cases where the bodies occupy limited
areas. This is due to the fact that with the application of the method of boundary integral equations, the original
problems are reduced to the interrelated systems of integral equations given on both the defect surface and
boundary of the body [5—7], which significantly complicates the numerical implementation, especially in the
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