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AR OUTLOOK: MODELING OF TURBULENT HEAT TRANSPORT
Nobuhide Kasagi and Hyon Kook Myong

Department of Mechanical Engineering
The University of Tokyo
Bunkyo-ku, Tokyo 113, Japan

1. INTRODUCTION

Turbulent heat transfer is a transport phenomenon occurring in a turbulent
flow field so that it is primarily affected by the characteristics of tur-
bulence. Hence, the development of turbulence models for momentum transport
inevitably precedes to those for heal transport, and up to the present the study
of turbulent thermal field has attracted less attention than that of flow field
itself. In addition, only a limited number of thermal turbulence measurements
have been carried out, and generally modelers are lacking for the basic data
which are indispensable in understanding and modeling the turbulent heat
transport. Moreover, the data presented in the literature do not always agree
and are often conflicting, and therefore the state of knowledge is sometimes
confusing. Thus, modeling of turbulent heat transport is apt to rely on intui-
tion and speculation rather than direct experimental evidence.

Under these circumstances, it is often assumed in thin shear layers  that
there is a close similarity between the transport of momentum and heat, since
the turbulent momentum and heat transfer is based on the same principal
mechanism of cross-streamwise mixing of fluid elements. In fact, this
similarity (or analogy) plays an important part in the theory of turbulent heat
transfer; it suggests a possibility that heat transfer may be predicted only
from the knowledge of momentum transfer. Even in modern modeling for turbulent
heat transport, this concept of analogy is widely used both explicitly and
implicitly. A direct use of this -analogy in the classical convective heat
transfer theory is the well known Reynolds analogy which is the simplest
hypothesis among the turbulent Prandtl number assumptions.

Various sophisticated models for heat transport have been proposed at
various levels, corresponding to the différent types of turbulence models for
momentum transport. Presently, they are generally classified into two groups;
eddy-diffusivity based models and turbulent heat-flux equation models. In this
paper, we will briefly outline recent advances in turbulence modeling for heat

REATSE - Vol. 28, No. 108 4



transport, with a particular attention to the near-wall phenomena and their
modeling. Due to 1limited space, this article is not intended to include a

comprehensive and thorough review, but reflects the authors' favor and opinion.

2. REYNOLDS AVERAGED EQUATIONS
The Reynolds averaged governing equations for an incompressible fluid of
constant physical properties with no buoyancy force are expressed as follows:

;=0 (1)
1

My _1e i(\:an-W) (2)
Dt p axi axj axj i']

%%-a—i-i(ag—ii—u_it) (3)

These are the continuity, momentum and energy equations, respectively, which
have been obtained by decomposing each variable Into the mean and flucluatling
parts, e.g., Ui +uy and T + t, and then ensemble-averaging. Once the initial
and boundary conditions are properly given, they describe the mean velocities,
pressure and temperature in the flow, which are the quantities of practical
demand. However, due to the nonlinearity of the momentum equations, the
Reynolds averaged equations no longer constitute a mathematically closed system;

they contain unknown correlation terms such as (- ﬁ;ﬁ;) and (- E;f) in Egs. (2)
and (3), which are called the Reynolds stress (tlensor) and the turbulent heat
flux (vector), respectively. Thus, the number of unknown variables exceeds that
of governing equations. This is called the closure problem. Since these tur-
bulent transport terms cannot be calculated in a theoretically exact manner,
they must be approximated by a turbulence model which, with the aid of empirical
information, allows the turbulent transport terms to be related to the mean flow
and thermal fields. In the following, the readers are assumed to be familar
with the turbulence modeling for momentum transport [1-3]. and we will discuss
only models for turbulent heat transport.

3. EDDY-DIFFUSIVITY BASED MODELS

The Reynolds stress tensor - uiuj in Eq. (2) is modeled with the eddy
diffusivity hypothesis as follows:
3U au
S = v (st =d) -2k : (4)

( +
i7j t ij axi 3 ij

where vy is the eddy diffusivity of momentum and can be obtained from various

turbulence models [1-3]. Thus, the Reynolds stress is simply a linear function

—5— {Z3IFZ Vol. 28, No. 108



of the mean strain rate. Among them, the mixing length hypothesis (MLH) and the
two-equation models, most of which are the k-t models, are now widely used in
numerical calculations of the flow and heat transfer. They give the following
expressions for v

¢
- 2 49U, U

v = (D) Iayllay (MLH) (5)
- 2 _

v, = Cu fu k“ /s (k-£ model) (6)

where D and fu are the Van Driest damping function and that for representing the
near-wall effects, respectively. The mixing length model has been extensively
applied to the heat transfer in simple wall-bounded shear flows such as boundary
layer, pipe and channel flows [4], which are practically most important. As a
result of a great deal of experience, the empirical knowledge of the mixing
length distributions in such flows 1s now available. However, due to its
several drawbacks, e.g., incapability of predicting the flow with an unknown
mixing length distribution, there is a marked trend toward the two-equation
models recently. For instance, in the k-£ models two modeled transport equa-
tions of the turbulent kinetic energy k and its dissipation rate £ are solved to
find out the eddy diffusivity of momentum through the relation given by Eq. (6).

When the flow field is found from prescribed or calculated eddy diffusivity
of mo‘mentum \’t’ there is an analogue to calculate the thermal field, i.e., to
use an eddy diffusivity of heat o in analogy to the constitutive relation of
an isotropic Fourier fluid:

—5 ., 9L
- uit = oy Sxi (7)
It should be noted that either @y Or v is not a property of the fluid but is

purely a 1local function in the turbulent flow field. The eddy diffusivity of
heat must be then prescribed or calculated in some way in order to close the
energy equation. From dimensional analysis of Eq. (7), the eddy diffusivity of
heat can be expressed, just like that of momentum Vi, 88 8 product of a charac-
teristic velocity scale V. and a length scale Lt of the thermal field at a

t
point in the flow, i.e.,

ap v Ve L (8)

What remains to be done is to model either the eddy diffusivity of heat in Eq.
(7) or the two scales in Eq. (8). 1In the following, the eddy-diffusivity based
models for thermal field are further divided into zero-, one- and two-equation

models, depending upon the number of ad hoc transport equations used.

3.1 Zero-Equation Models for Thermal Field; Turbulent Prandtl Number

{E3IF5E  Vol. 28, No. 108 e



At such stage that the complex nature of the turbulent heat transport
process is not fully understood, the simplest approach one can take is to assume
a direct analogy between eddy diffusivities of momentum and heat without con-
sidering the two characteristic scales in Eq. (8} independently. The approach
in this direction, instead of specifying o directly, frequently involves the
turbulent Prandtl number assumption in an analogue to the molecular
Prandtl number, i.e.,

Prt = \)t/at (9)
Then, if the value of Prt is given, o is calculated from the known values of
V- In this approach, the turbulent Prandtl number is the only parameter to

account for the difference between the transport of momentum and heat.

Various theoretical treatments have been made for determining Prt, while a
lot of experimental investigations have also been carried out [5, 6]. Despite
these many theoretical and experimental investigations, there is still con-

siderable ambiguity in Pr assumed in turbulent heat transfer problems,

especially for two extreme c;ses of very high and low Prandtl numbers due to a
lack of reliable experimental data. Therefore, the turbulent Prandtl number,
which must be a function of the local turbulence properties, is often assumed to
be a constant {0.85 ~ 1) throughout the flow field and a function of only the
molecular Prandtl number Pr in many engineering calculations. Fortunately, this
approach has been found to produce quite reaéonable results 1in predicting at
least fully turbulent flows of moderate Prandtl numbers, as long as the global
parameters such as the Nusselt number and the mean temperature distribution are
concerned. This is partly because these parameters are relatively insensitive
to the local variation of Prt in the flow field. However, there is no definite
proposal for the values of Prt in the wide practical Pr range, and the Prt value
predicted differs from author to author as shown in Fig. 1. Note that the
references in Fig. 1 can be found in [5-7].

Knowledge of Prt is used as a means of finding o from the value of Vi
already computed rather than vice versa. Therefore, the accurate prediction of
Vg is strongly required to predict the turbulent heat transfer and also to
estimate the value of Prt. Unfortunately, most mixing length and k-£ models
proposcd up to datc have somc problems in predicting the eddy diffusivity of
momentum; they predict incorrect 1limiting behavior of Vi towards the wall and
too high values in the central region of internal flows [8]. These defects are
directly reflected to the determination of Prt [7]. Recently, the authors have
remedied these two serious weaknesses above with an improved near-wall k-£ model

[s, 91.
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Flgure 2 shows the typical numerical results which show the effect of near-
wall eddy diffusivity of momentum on the turbulent heat +transfer in a pipe
predicted at high Prandtl numbers ({7]. In this case, three k-& turbulence
models and the mixing length model modified by the Van Driest damping function
are used to calculate the flow field and the eddy diffusivity of momentum, while
the turbulent Prandtl number is simply assumed to be unity, following the
Reynolds analogy. The 1large discrepancy between the four models' predictions
is essentially due to the difference in the values of near-wall eddy diffusivity
of momentum calculated by them. Both the mixing length model and the Lam-
Bremhorst model predict incorrect dependency of Nu on Pr; they give a slope of
1/4. The Launder-Sharma model seriously underpredicts the eddy diffusivity of
momentum near the wall and hence the calculated Nu numbers are too small. Only
the 1improved k-2 model [8, 9] gives good agreement with the experiment and the
empirical correlation. This emphasizes the crucial importance of the near-wall
eddy diffusivity used in predicting the turbulent heat transfer and also in

estimating Pr_, when Pr >> 1.

¢
Through the numerical investigation of the turbulent heat transfer in a
fully developed pipe flow at various Pr numbers [7], an empirical equation of

Prt has been obtained as a function of only the molecular Pr number:

i 1.63
Pro = 0.75 * 517+ (pr/0.0015)}

The above equation can be used for practical heat transfer computations without

(10)

leading to significant errors. As shown in Fig. 1, Eq. (10} is consistent with
the generally accepted experimental knowledge; Prt < 1 for Pr >> 1, Prt > 1 for
Pr << 1 and Prt =z 1 for Pr = 1 [5]. The typical results of the heat (or mass)
transfer in pipe flows predicted by the authors' k-£ model with Eq. (10) are
shown for a wide range of Prandtl (or Schmidt) numbers in Fig. 3, where quite
good agreement with the experimental data is obtained [7). The resnit also
shows the well known fact that the Nusselt number approaches asymptotically its
limiting value as Pr » 0 and gives a slope of 1/3 as Pr = =,

A proper Prt assumption, which is the 2zero-equation model for thermal
field, has been so far the most common approach in analytical studies of the
turbulent heat transfer problems. It is noted that the constant turbulent
Prandtl number assumption is a useful choice for engineering purposes but has to
be considered only as a good approximation, since it must be a function of the

local turbulence properties.

3.2 One- and Two-Equation Models for Thermal Field
The eddy diffusivity of heat can be directly modeled, considering two
scales in Eq. (8) without using the turbulent Prandtl number assumption. These

—9— ZBMFSE  Vol. 28, No. 108



scales are usually expressed in terms of the temperature variance tZ and its

dissipation rate st, in addition to the turbulent kinetic energy k and its

dissipation rate £. This is because the two quantities t? and St’ which are the
counterpart of k and € in the velocity field, are the most important properties
in the fluctuating temperature field. In addition to the transport equations of

k and € required to obtain Ve, We need those of t2 and Et to calculate o -
There are many proposals of modeling Vt and Lt’ which are based on the
different basic assumptions (see e.g. [10-12]), but the resulting models for the

eddy diffusivity of heat can be generally expressed as follows:

o = C (k2/2) K (11)
where R 1is the ratio of the time scale of the turbulent temperature field to
that of the velocity field, and is defined as:

R = (Eﬁ/zst )/ (K/€) (12)
The exponent n in Eq. (11) has a different value according to each modeler.

Since the -equation of the temperature variance tZ is obtained and inter-
preted in exactly the same way as the equation of k, it 1is readily modeled
following the approach wused for modeling the k-equation. This results in the
following form:

)? - 2¢

o %
=5 -2 (& (13)

2 s (e + (

Dt . t . t
SxJ ¢ 5 3Xj

where Ut is to be determined by experiment. This is the so-called one-equation

model for thermal field. In one-equation models, £  is usually estimated from

the experimental values of R. Although there is sometdisagreement, experimental
data indicate that R varies from 0.35 to 0.6 with its mean of about 0.5 in
various kinds of non-isothermal shear flows [13], and thus it is a common prac-
tice to put R = const ~ 0.5, implying a simple local analogy between momentum
and heat transport; i.e., from Eq. (11), oy is simply proportional to

k?/¢. The same result can be obtained from Eqs. (6) and (9) as:
- 2
o = (Cu fu/Prt) (k*/€) (14)

This fact implies that only a two-equation k-£ model is needed to obtain the
value of % and that a one-equation model for thermal field is nothing but a
zero-equation model discussed above, although the one-equation model allows the

temperature variance tZ to be calculated. The above equation emphasizes the

usefulness of the k-£ models even in heat transfer predictions.
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If Eqs. (11) and (14) are compared, it indicates that the constant tur-
bulent Prandtl number assumption is reasonable as long as the time scale ratio R
does not change significantly over the flow field. In fact, the k- models with

constant Pr, assumptions have been extensively used in the numerical computa-

tions of comglex heat transfer problems involving boundary layers, separated and
recirculating flows, relaminarization flows, mixed convection as well as asym-
metric turbulent diffusion during the past decade (see e.g. [14-18]). It is
noted that, for these practical heat transfer calculations, use of more
elaborate models with higher-order closures which are discussed below can seldom
be justified with their relatively heavy computational load and little improve-
ment in accuracy, with some exceptions like the buoyancy driven flows [19].

If we adopt the transport equation of &, along with Eq. (13), the assump-
tion for the turbulent Prandtl number is not required. Experiments indicate
that R 1is not constant but appreciably dependent on the flow considered [19,
20]. For these reasons, Lumley and Khajeh-Nouri [21] advocate the use of a

transport equation of Et’ The exact equation of £_ has a very complicated form,

t
and the form the transport equation must take is discussed in detail by Launder
[19]. It is worth noting the following facts. First, most of current attempts

of modeling the £ _-equation rest on dimensional analysis just as modeling the =-

equation, but thettask is more difficult simply because the numbcr of paramcters
included is twice as large. Secondly, there are very few experimental data
which are to be used in modeling the zt—equationn Therefore, all proposals for
the modeled form of the it—equation are at best tentative [19].

Recently, Nagano and Kim [10] and Yoshizawa [11] proposed the sc-called

two-equation models for thermal field, in which two modeled transport equations

of tZ and €, are adopted. With these models, solved is the energy equation
using the eddy diffusivity of heat, but a value for the turbulcnt Prandtl number
need not be postulated. Therefore, they have superiority over the zero- or one-
equation models and are applicable to the problem where a value of Prt is not
known. In particular, the former model [10] including the near-wall modeling
reproduces well the experimental results of a flat-plate boundary layer and the
thermal entrance region of a pipe flow of moderate Prandtl number fluids.
Figure 4 shows the predicted radial profiles of the square-root of temperature
variance in the thermal entrance region of a pipe. It is seen that this two-
equation model for thermal field works well and hence is quite promising. The
noble model of Yoshizawa [11] allows the prediction of anisotropic heat fluxes,
by introducing an expression of anisotropic eddy diffusivity of heat. However,
it lacks for a near-wall modeling. We can expect future progress in these

directions.
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Fig. 4 Square root of temperature variance in the thermal entrance
region of a pipe calculated by a two-equation model for tur-
bulent heat transport [10].

A feature unique to the two-equation model for thermal field is to be
mentioned. Turbulent heat transfer is actually combined with the unsteady heat
conduction which takes place inside the solid wall at the same time [22, 23].
Hence, the temperature fluctuation on the wall may be non-zero in contrast to
the non-slip boundary condition for the flow field and is dependent on the
thermal properties of solid and fluid, the thickness of a wall, and the heating
(or cooling) mode. This problem has a close connection with thermal fatigue
failure of the structural materials in high heat-flux devices. The turbulent
heat flux in the immediate vicinity of the wall is proportional to square and
cubic of the wall distance, when the wall surface is heated under 1iso-flux and
isothermal conditions, respectively [23]. This causes some differences in the
statistics of the near-wall thermal turbulence [24], which need to be accounted
for properly. The zero-equation models cannot deal with this conjugate problem,
and it is only possible for the two-equation or higher-level models to incor-
porate this complex thermal boundary condition into numerical predictions [25].
There have not been many investigations on this subject and the effect of the
non-zero wall temperature fluctuation on turbulent heat transfer remains to be
an open question.

4. TURBULENT HEAT-FLUX EQUATION MODELS
In turbulent heat-flux equation models, the transport equations for tur-

bulent heat fluxes ﬁ;f themselves, which are the additional unknown quantities
in the energy equation of Eq. (3), are modeled and solved together with the
Reynolds stress equation models for the flow field. When the buoyancy effect is
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neglected, the exact transport equations for uit are expressed [19] as:

3 at 1=
= —] 2 s vt =— -uut-zptsé,]
Dt 8xk i axk axk ik p ik
au at  3u
— JT — i p dt i
- [ugy, = s ut =1+ 2= - (e+ V) 5 = (15)
ik axk k axk p ax1 axk axk
or symbolically as
Cie = Pyp v Py Yo%y T By (16)
convective diffusive production  pressure dissipation
transport transport temperature

gradient
The physical interpretation indicated below Eq. (18) and the modeling of
the individual terms of Eq. (15) are analogous to those of the Reynolds stress
equations, because of a close similarity between these equations. The produc-

tion term expresses the rate of creation of Uy u,t due to the combined actions of
mean velocity and mean temperature gradients, the former tending to increase the
velocity fluctuations and the latter the magnitude of the temperature fluctua-
tions. This term as well as the convective transport term is exact and need not
be modeled. If the small-scale dissipative eddies are assumed to be isotropic,
the dissipation term will disappear. Otherwise, we must model it as Maksin et
al. [26] did. The pressure temperature-gradient term Qit is the counterpart of
the pressure strain term in the Reynolds stress equations. With negligible
direct dissipation, 1t is expected that this Qit should limit the growth of the
turbulent heat fluxes. However, the physical mechanism for this pressure
temperature-gradient correlation term has scarcely been explored and remains to
be modeled properly. In experiment, there are no measurements of this term, but
only a few of the other terms in the turbulent heat flux equations [27].

The heat flux models are used by several investigators (see e.g., [19, 20,
28-321). In these models, the diffusion Lermrexcept for the viscous diffusion
terms is usually modeled as gradient diffusion as is done in modeling the
Reynolds stress equations. As mentioned above, the pressure temperature-
gradient term causes most difficulties in modeling and has been the subject of
most controversy. Usually, in analogy to the pressure strain term of the
Reynolds stress equation models, this term is modeled so as to consist of a
turbulence interaction part, a mean strain part and a wall effect part. Much of
the modeling, however, is still almost completely ad hoc [33].

The turbulent heat-flux equation models, which are still under intensive
development and have been little tested, are yet 1little used for practical
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applications. The applications of these models using the so-called wall func-
tion as a wall boundary condition are referred to elsewhere [33, 34]. It is
noted here that the heat-flux equation models, however, should await until the
Reynolds stress equation models are tested and well developed, preferably with
the near-wall modeling, since the major source of error in heat transfer predic-
tions is that in calculating the velocity field [2]. (For recent advances in
this field, see e.g. [36-38]) However, it is also to be noted that the modeling
of heat flux equations is heipful to study the limit of simple assumptions for
the turbulent Prandtl number Prt, since too close an analogy between the

transport of uiu and uit equations would lead to prediction of simple relations
e

=

o sim
between the transfer of momentum and heat, e.g. a simply behaved Prt (see e.g.,
[191).

As the algebraic stress model is devised, algebraic expressions for the
turbulent heat flux components have been derived by Gibson and Launder [39].
These expressions and the mean-field energy equation, together with the flow
field predicted by an algebraic stress model, constitute a closed system.
Recent applications of the algebraic stress and flux models are reviewed by Rodi

[38] and reported (see e.g., [40, 41]).

5. CONCLUSIONS

In spite of continuing efforts towards more general (or universal) tur-
bulence models for heat transport, it seems that the mixing length and two-
equation models based on the eddy diffusivity concept with a proper turbulent
Prandtl number assumption are still to be recommended for practical heat trans-
fer calculations, although they have some limitations. It 1is because, at
present, the major source of error in heat transfer predictions lies in cal-
culating the velocity ficld and thc ncar-wall Reynolds stress. In predicting
the heat transfer at high Prandtl numbers, it is of particular importance to use
the turbulence models which give the physically correct and accurate eddy dif-
fusivity of momentum near the wall.

The two-equation models for turbulent heat transport appear to be quite
promising and should be improved for their applications to the complex heat
transfer problems including thermal entrance region, buoyancy effects, complex
thermal wall boundary conditions such as non-uniform heating and conjugate heat
transfer, and so on. It is generally concluded that, in order to develop more
general turbulence models for heat transport, there is an urgent need for ac-
curate experimental or numerical database of thermal turbulence statistics such
as temperature variance and its dissipation rate, eddy diffusivity of heat,

{REIFSE Vol. 28, No. 108
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cross correlations between turbulent velocity, pressure and temperature fluctua-

tions.
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(a)Yamakawa's testing apparatus

Experimental setup: 1) refrigerating machine; 2) brine tank; 3) pump; 4) cryogenic
test plate; 5) wind tunnel; 6) flow meter; 7) heater; 8) heat exchanger; 9) blower; 10) con-
stant temperature and humidity room.

(b)Hayashi's testing apparatus

Fig.1 Yamakawa and Hayashi's testing apparatus
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—99—- {E#FSC Vol. 28, No. 108



B AL 3RAMBIChESKROFEICRETHARNBROBREARTW S,

(2) ABERONEE  6ilpin 29X 4°CHIFXATEENBHX W 3 BASOFhEHC
DWTHLLBRFL, - BEOVRERICHIEEERMRCEELIEL TS,
st EIC Xk AHHTIE Cheng 5 2527 2k DfThbhTwWwa,

@) ERFvyT 1 AOFKS Vasseur & Robillard ‘22 - 29 3 gAEEEA 0°CL D
B (4°C~6°C) ., OCUTORMBIZINBHINIBSLRENICRITL. &
EXRODREV AR B EERLE, $BRHANEETABERODVWTHHRIFLTWS,
Dutton & Sharan‘®®’ IEEIHB LCBEFTHOFMRMELZITo> TWwb,

3.3 TR KREHEOHE

HIAKED KBNS TS 4 R EIZENICHNHEIAYT. BEVRELRBL2ZLTY
BBENEV, BEEEES GV BIPBRIMTEI-HOERET>TVwh.
4z, PEES COBREAVRE (LESER - TESW) 22 LTHEET 5K
FEHEOFEH. 0.271°C/ninDRIGEE TR P INIBAOBRESMT (). Wb 8
B, AT FERIRLTH S, BAFBERICEERIRR>TTHEORhBRET 35,
LS #%ICREESIHICE 2 LMEOHRADET., WELEHE2HMUTITE. YVOERE:
D3 FIRBEBL TITOREY, BESHEDL LLICRERTES,

BFRBFEEOTILEESICRLTH S, HEDBEEMLR LI I, ERFORGTEITRHE
ML, H2ORICREXELR> TW3, EDRWI EABD T 50, KRR
BE($=9T) 2R EVI2NIHMLTWB, —~H. TREADOBEERIINEL . HOE
L Bn, LT, 1BHRICIBERERK [RK6] 2RET D, ZOBSORBRKE.
H10BatR2)AIRBAEREINDRETLIONRMTH S, KUOREBLUH
MEEOHRIZOWTHH L WEE [33] e xhTwns,

6 ‘Iﬁl [I'llll | | 600 T [ I|l|lr l T ]
B AR ] B AR N
EAT o 2 mm N 200 ¢ 2 mm /
E I . o o 5 mm -
o 5 mm = /
5ol © 10 mm. ea/ i 200l ©10 mm & |
o5 % x /
/” £ ®
1 & 4 % 00- /// |
0'8: - 80'_"‘ [~4 =
0.6} & ] 60 / ~
0.4 g(/ D=10mm - sof- % D=10mm ]
_/ o i ]
0.2 ' AT N RY i 1 20 s 1 Ll 1 '
"2 4L 6 810 20 40 2 4L 6810 20 . 40
a ITLl °C b [T} °C

M3 BXAKLEIBIURXHEENLLRABEEZOMES

EETR 1. 28, No. 108
{ZBFE Vo 0 —100—



34 ZILBENORE
KTHEEENEZLERORERE TR EME, tBAETERE OEr Iz, EROH
OHMBEL LTERETHS. BRS VKT EKSILERBY LRI D EET 286%.
Viskant5 °°’ - PO 3IERF v V5 4 AOHKEHBEL IR - £, Bfi. B2 RS 7 3%
ILBREZBKT 2K TORE JUMENTREEBSICRITTHREZH#MICRETL. 222710
BENORESHOTRELZIT> TS,

4. EREHEIKOHES
4 -1 dFEEDHES
MEa I BEOREMBRICIREVEEE THEEE TS EIC, Eb o0 R
FREPET D, —OREBCL>TEEVELTIZLIcEE. WHOBKREHLBE X
DHRTHD. THPHEIRIETHREIZON T, Herk D 2D WL DN DEE (¥
S B L, HHEOFERICKRIE, AF T v ESt-CAT/L (C: fRDIEL, AT : &M
OREZ. L: FEER) P 0.1EDNhXNWEE. FERCENOCDHRIIERTE S,
ORI FHERE > M EE>FREREER > FHREBE WS HETFBORETH S,
DEEPHRAFEIHREBERLZBMICLTVWELELE R 5,

H=32mm, T,,;=5.00C, 6§,=0.27"C/nin. 2 : BEIH. b: kK. c: WHRAT Y S

1:t=1min., 2: t =11lwin.3 : t =186min. 4 : t =25nin,

M4 MERERY  BESWEH

— 01— 1EEIFFE Vol. 28, No. 108



4 2 FREFHhOHEE

FEOPIEIPNZRINEREICREZET IHEER IOV, BV ERT. WS
MEHRR 2 42 B RUZEE -4 OREG MHRBII{ThbATWS, ¥4
Savino & Siegel‘*®’ [FxtiRENICI iﬂbfﬁﬁh@{ﬁﬁ‘*ﬁﬁ B2 RITE B L U ERR I HRET
L. ChoOBRICEWCIE. KBRORh FHOBEEER LU REREADKEDH
RIEGERINATWS,

Hirata & Gilpin®‘™ - 49 ixi@lxt iz B i 2 KPR LI2RET ZKBI2OW T,
By oilmoEMIch AN 3 ERNEE2To TS, BTICEERETEHINS
KEBKETT . BROER T Tk, KBIZAHLD THRICHD» > CHEFAIZELZD .
CHIEREHBERBORE. ThIZESBEHMEEFORDICHIELTWS, BB 49
T, THIED S TKBEIEL RBZEWHEREMWEL ., TRICIIKBEIEEPICELL R
5154 (Smooth Transition) ZRSEMIRICTEL 725 (Step Transition) »H 5, FHEL
B TIEO:>12 [0 =(T:-T.,)/(Too-T;), T¢ : HIEBRE. T, 1BHBEE. To:
FHREE] OBSKBRERAREIRD . FTRicED > THROEAE T 2 KEORE
PREE EHIELLLEITAZEPEBEINTWS, 2O LDI2. BB BHRIIHEN
TIREXNARSLAEI2RL22Ze0HEINE S,

4 - 3 PEATERBEEN OB

—BRRELRHIN A RITEREOHRN O, Lee & Zerkle 5% {2 L D BIFAIIC
Bikbhz, HETEEBEOEESHIIEICRIE THILREL TWB, ZOBIFIX
BEOXGPHFEOIRANINSBECY | ETAFRBHOBE 2 | FLLKOHBE
SR ANZ, LA L. WTROBRICB W TS, BREAEIRAL—ATRETHS
EREZRTWS,

425 T T
400 o/Oo\o 0“_o_o_oo_oo.__cl, h
__o—0"° og
—o e_,,e/ —
300 /o//e ,_ﬁ\o\ _o—2 o
&
. ﬁ’ Occurence of
E dendritic ice
3 20 /W H =32 mm C')" ;;‘g. 1
7 8,20.10 T/min. ) 1
] T.=5.0C o 150 Water
100 | 0180
Q o o
OfO =] 30]Air
e m 60
0 fxe®-0-0p0-F0-R-0R0BOE OoP-0—0 —0 : ,
0 20 40 60 80 84 o )
t min. H=32mp, Tini=5.0C. 6+=0.27"C/pin.
1: t=37"56"04, 2 : t =37°56"54,
3: t=37"57"09, 4: t =37"58"12
5 PR R S OO B B B AL 2 B6 Rk RES

fZBARFFE Vol. 28, No. 108 02—



Bifi . Sekip 840750 13 SHOTATERMBTh OB I T 2 KRR E{T> %=,
ETHPZRICHHEINABE Y b1/ L X% Re=3.8%X103~3.2% 104 (Re=UH/v .
U, : /FHIER A OEEYEE . H: T EREESR) oMW T, H8IZRT &SI E
D OKBHRPEFEY Do HFIEXORAFAELIHERETV. Re/6 274 <10°T
AT w7 %% 5KE (Transition Ice Formation) 5, —7FRe/9 .2 "2 >10°CIZigH
»7%KJE (Smooth Ice Formation) WEET AL AHOEMNILE, 2. ATFvTOH
HUBBLCEERBIBIIAAT Yy FHAED, Ree 0" OMKTRINBZZEERWEL
TWwb, —H. THAOREVEKBELDBWES 52 12iE. Re/(Gr+ 6,)2-29<1.6X%
1072 [6r=8 B (Tun-Tu)H /v 04=2(Tun-T)/(T.-T). 28 : EHOIEE. B : (KigiR
BB, Ton: MABHEE T..: RHBEE] CLETHOERABORRIZHK D { Ice Tra-
nsition 2%, Re/(Gr« 6,)°-22>1.6X107° TIKBEICH> THET ZERERBOLL
WADBBICE D Ice TransitiondPEFBELE L TWB, 51T, HBAOICFY 74X
ZRECOTHE KERRICHEIATNZENBREIMLTZCPELMITEIATH
5.

44 MHEROFKE

HAEAZIOFEIZOWTIE. BREVEBOBEZ  OFITNE K UEBRNMEI L
ThTEAEN, AMPNEIZRALTL-EOMEMIThhTWwa,

(1) BROBS RNBEHROBEOEEKRBERPLENBRIZEL TIE. Zerkle &
Sunderland "’ I X AR A RO Z  OBITHITARLS B D . FiRE 2 -0 ek
DHH 2 R DEFTEHEERPBESINTVS, WINLEETHICHPITH 42 IRE
L. SHfyztractzfB s KD B HHEEMALT WA, Ozisik & Mulligan®® |32 OF ik
RIEERFREOBGITHLBRL WD, KRR 2 ©2 R INTWS,

2) BLARDBE  AROBESICLERKERRICBIL . Zerkle & Sunderland>™ ¢
FEEABETEILIZED B OWE D -T2 IR TEN . Cho & 0zisik ™ 133k
EERBELZRE->TWE, COBERESHICETE. =B, BLU VIRET LY
Awshr, —FGilpins (7274 3 Lo
7 A #Re=370~1.4X 10 2B W T BERDHE 8 . . —

HEHE2BRL AR, KEIBITCREL g L Teenton tor Pormavien |
FEDG—RET—N—RTL&L . RO Reyt82 < 10° o
KBEBRIDRELLET BT AR R | ] 2o ™|
(HYBR) KRHAILERWHLE, MY L‘N /J} He 1637 > 10"
R LS. 6.>10 DEETIERLA /L ,‘.u,,,'«s:/}_@" I i
.1 -.-‘/ﬁ;. o0 e Lyer /. f T =T, |
-‘:7/::0 n::t ke-l.:;'l ks-"::;:
o P 6| o | o
* 0| o °
|0° 1 1 = T :
10* 2 3 6 8
Rey
B7 WHERLRKBERK AT K8 KEREK Y

—103— {Z8AFZE Vol. 28, No. 108



AEONEBRIZT A AN REIBBIS/D (8: 7 A AN FOHBEAMOSE. D: FEEF)
MIFIF —-FEOMITH 5D HEEEEW, Thomason & Mulligan 7%’ H3F1.45¢m, HEX116.0
end A ITHELAASNTEHIE#SE. ChooEEENEBICEYT I O LEDbN
3, FHB YT B DMRAEXGICHEIETWS,

3) FZERN SYHETLIANALEZERT S 2IZEAMIZI A KETOME
FHOAR LY. BTIFOMKEICERPEL B EEHEX Y I ARREICHELTE
BTH D, BHINAEOFICHAZFEAL B SOBEILEpstein 7 - 79z L D MG X
. E7-BAESMFA TR ABFEBE T NV iESanpson & Gibson®® - 30 Iz kD RE AR
%o FH - BEC2IZREX 697m, E16.6~36mmdD S S hic KA KB X EHAEOR LS
HFIZOWTHEL. AER 7 A ANV FOBR/NMETEZD . ZOXMHRENETICED
S LA/ )V#Re, LIGHIREO . OBRBTEINAZZLZRVWHLTWS, HH ¢ X
RNDPEROEEOHEESFIZHOWT., Thomason 4 [ZEABICRIFTHERTF (WAL 1 /)L
A NEBRHRELRE)) OBBRIZOWTHLIBEHALTWS.

@) #hHBEOHE D BRIEREABR T 2FERERTH A0, F0OHEES
BIEFICEETH S, BolfiES °5 OO0 JHE< OMDALXEHITLIMDELAWT. Ik
WHIRT - BORRA TV, BEEXSBIUHEL L THERWASZIEMFLHLENICLT
Wb, $72. HHS*21X90° @O ECEROMERR NI BEAXLBREL WS,

4.5 TR - KEBRKOWR

KOBDNRLT T4 VRPARBE TR, —BICSHE RN EES 2 LTRBLTW 55
ENEV, CORBROBEEIZH S 2I3EAMICE 1T 550 THEBOBH LRI
EETHD, B8 @O0 R EHAEEAWERKL., RAK  EREE. B8
BE. BEUK  ZRERY . FERHE JICBERECRETHRIZOVWTHLUIREL
TWd, EINCRT &S, BHEEEEIZO: & Re, [4Q../(nv). Q. : Kitd.
ncEREBEX. v EREEER] 2 ED o
BETE, MPRYRELD LEoER TR
BHRESREL . THTIIKBIEEERE (
BRELHELLAW) THEET S, X562,

4 .l

@
of § o <roos A
8 4 100010 2000
8 2000 to 3000
L v 300 . 2} 4
g ) . \ ®1 Onset of
_§~ g] freeze-oft
20
ué R A ACF) D] Steady-state
“b‘ a \ A [ ice band
w0l
= Bg.x \ A Nonice layer
RN ’ 10° N i L s
e L !
Temperature Ratio, 8¢ x10 10
Re,,
BS MEMN®DIce Band ™% 10 KERK w0

ZELF 3
{ZBAITSE Vol. 28, No. 108 — 04—



FNENREL - EFEEOKBEHERVPBEIN:, HILUKEOKEREKRARLTH S,
@), (b). ——DEFIE. 2hFRECRLABASTEHEI W IKBERERT,
FALRBREBEAODOIDOBEBELZRLTWS, COBRKE. FIIERPXFEHL TWIERL
HICHRET 2 KBIZEEE N, BKREFTERICKBYRETAZICED KU ERL .
KEIHEMBENEL, ChAPRRUIIRATKE LD ELREIHBE T I3 LVBUOHR
RTHd. 612, TEHKBIcStep Transition ¥REFT 2B O E2HWELTL
HZeMHBEANE, LHICKEXRRET I L ERB LU KBIXME S RBEIZKE LR
BL UHESYE., BRI, RILISRTLDIC. BATHICEEAEKEPFELRLR
6°

46 BELRY RFHDOHEE

BULAY FRIENIZZAINATED . 2OEEMGEEEIIRHENLELTEETH
%, {88 - HF -0 32 Lo (FE. ¥7 bEX. BEBEEK. ¥4 — 288
) ZEMXTHEREERAZTV. MEIHE 5 B EIcikSnooth Transition %, —H M
12iZStep Transition HEFEZ L ERWHL TWS, MEIZH D KE EOEHMEEE
BY 7 PRI EDICHEMT EP. BLRY FOMEEL EDHICHPT B, —HNMELOK
BAFy 7HBERPETEHREOZRED ERANCRET A EPHLDIZESTWD, &

b

(a) (b) (c) “ (d) (e)

Hinl=32|nm.Qu=2.BZx10"m3/s,Q-=G.E4210"m’/s,T:=T»=-10'C
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SUMMARY REPORT OF THE FIRST KSME-JSME THERMAL
& FLUIDS ENGINEERING CONFERENCE

Jae Min HYUN

Department of Mechanical Engineering
Korea Advanced Institute of Science and Technology
" P. O. Box 150, Cheongryang,

The First KSME—JSME Thermal & Fluids Engineering Conference (hereafter
referred to as the Conference) was held November 1-3, 1988 in Seoul, Korea. This report
is being written on the Conference as viewed by the KSME—side secretary general. Similar
reports by Profs. S. Kotake, T. Ito and T. S. Lee are to be found in this issue; therefore,
the intention here is to recount some non—technical aspects of the year—long process of
preparing and staging the Conference.

The basic concept of holding a joint meeting between JSME and KSME in the
general fields of fluids and/or thermal engineering was first proposed by Prof. Hideo
Ohaghi. In April, 1987, Prof. Ohashi made a visit to Seoul and met with some principal
members of Seoul National University (SNU) and Korea Advanced Institute of Science &
Technology (KAIST). The idea of having such a collaborative get—together between
mechanical engineers and scientists in both countries was positively and warmly received.
In September, 1987, the present author, under the instructions of Prof. Lee, had the
privilege of exchanging opinions in Tokyo with Profs. Kato, Y. Kurosaki and H. Ohashi on
the groundwork of the proposed Conference. Pursuant to these initiatives, KSME and
JSME put together an'organizing committee in early October, 1987; corrcspondence
primarily between Prof. Ito of Kyushu University and the present author ensued since
then.

Since the Conference was the first of its kind, attempting to obtain a rough estimate
of the number of technical papers and participants was not easy. The KSME-side
organizing committee, being the host society, reviewed several candidate locations among
university campuses in Seoul. After some deliberations, we decided to reserve the entire
second floor convention hall facilities of the Korea Chamber of Commerce & Industry
Building (KCCI). Although there were hefty rental charges to be paid, the location is
ideally situated in downtown Seoul with convenient travel connections.

In late November, after consultations with Prof. Ito by way of facsimile
transmissions, the First Announcement and Call for Papers was issued. The First
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Announcement contained customary information defining the scope and purpose of the
Conference. It was also made clear that non—members of the two societies were also
cordially invited to participate in this forum.

Prof. Lee made a trip to Fukuoka in November, 1987 to give a special lecture at the
JSME 90th Anniversary Meeting. On this occasion, Prof. Lee had consultations with
JSME-side organizing committee members. The present author also made a brief visit to
Fukuoka in December of that year to discuss some further details with Profs. Kotake and
Ito. In January, 1988, Profs. Kotake and Ito came over to Seoul and toured the Conference
site with KSME-side organizing committee members. The questions regarding copyright
of the papers were debated; also, the registration fees were agreed on.

The next big step was processing the abstracts that were submitted by the deadline
of April 30, 1988. To our satisfaction, the overall responses to the call for papers were very
encouraging; nearly 170 abstracts were received plus several for the Workshop on heat
transfer in electronic equipment. In early June, a preliminary program of the Conference
was produced based on the abstracts received by both KSME and JSME. Prof. S. Yoshida
of Kyushu University made a three—day visit to Seoul; he and Prof, J. Y. Yoo of Seoul
National University worked two full days to sort out and classify the abstracts to designate
the appropriate sessions. Thanks to the selfless efforts of Profs. Yoo and Yoshida, the
completed form. of preliminary program (with some administrative information) was
printed in mid—June. Prof. Yoo of SNU expertly oversaw the whole gamnt of activities
associated with the publications of the Conference.

In the meantime, blank typing mats with specifically— prepa,red authors' 1nstruct10ns
were mailed out in June to individual authors of the accepted abstracts. At the same time,
for the prospective JSME-side participants, the official Conference travel agencies
dispatched necessary forms for travel-related affairs. .

One of the potential difficulties for the hostmg society KSME was thought to be a
possible financial problem. The registration fee of 50,000 Won or 8,000 Yen was far below

par of the prevailing international conference fees. The low registration fee was get to ...

broaden and enhance the active participation of younger researchers and students.
Fortunately, the potential financial difficulty was substantially alleviated by.generous
donations from corporations in Korea. These corporations, ranging from small businesses
to industrial conglomerates, were responsive and cooperative; their financial support is duly .
acknowledged. Also, positive replies were received from the companies that would. take
part in the Exhibition. The Exhibition would provide valuable opportunities of
professional interactions between researchers and makers/dealers. At the same time,
additional income was raised for the Conference treasury by the Exhibition participants..
Prof. H. D. Shin of KAIST was responsible for supervising the full spectra of the.
Exhibition. _ : R , :
By the end of summer, the entire cjty of Seoul began to be engulfed by the



forthcoming Olympics. Also, the Conference organizing duties started to take final turns.
The deadline for the completed full-length papers was the close of August. Now, the real
thrust was the nitty—gritty tasks associated with the administrative management of the
Conference. Prof. S. H. Kang of Seoul National University did a superb job of overseeing
the full-dress coordination of the Conference management. Prof. Y. Fujita of Kyushu
University came over to Seoul to map out the administrative details.

Just after the excitement of the Seoul Olympics was over in early October, the
entire batch of the full-length papers, contributed by both KSME and JSME, underwent
last—minute processings. The Final Program was put together, and the Conference
Proceedings, in two volumes, were turned over to the printer. The student assistants,
drawn mostly from the mechanical engineering graduate students of SNU, formed specific
work teams; on—site registration desks, session rooms, head office duties, banquet
assistance, etc. These students, with a high level of devotion and great enthusiasm,
performed these missions flawlessly.

In the evening of October 31, the Reception was held in the KCCI building. Nearly
200 participants came over to the Reception to exchange warm and friendly greetings and
meet with new colleagues.

The Opening Ceremony took place in the morning of November 1, as planned.
First, Prof. Lee declared that the Conference was to commence, and Prof. Kotake described
the backgrounds of how this Conference materialized. Prof. S. W. Cho, KSME President,
and Prof. H. Ohashi, on behalf of Prof. Y. Hori (JSME President), delivered congratulatory
messages.

The main events of the Conference, presenting technical papers in the sessions, were
well attended and drew lively discussions from both the speakers and audience. Most of
the sessions proceeded smoothly and effectively; only three papers out of a total of 165
papers were canceled due to the non—appearance of the speakers. The topics covered in the
sessions were quite varied and encompassing diversified areas of specializations of current
interest. The session topics were: heat transfer with phase change, two—phase flow, natural
convection, fluid machines and equipment, combustion phenomena, analytical and
numerical fluid dynamics, phase change phenomena, internal combustion engines, boiling
and evaporation, environmental thermal engineering, experimental fluid mechanics, heat
storage systems, burner/diffusion flames, absorption and absorbents, mixed mode heat
transfer, thermal power, physical properties, heat exchangers, heat transfer in electronic
equipment, etc.

The Conference Banquet was a memorable experience. Held at Lotte Hotel in the
heart of Seoul, over 250 participants came to enjoy the evening among their professional
colleagues. The Banquet formalities included speeches by Profs. Lee, Kurosaki and Ohashi.
Then, the newly—created JSME Thermal Engineering Division Award was presented.
Presided over by Profs. I. Tanasawa and Kurosaki, the Award was given to Profs.
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Nishikawa and Lee. Prof. S. W. Cho, representing KSME, delivered plaques of
appreciation to Profs. Kotake and Ito in recognition of their dedicated services for the
Conference. Prof. Ito and the present author were moderators of the Banquet. The
participants moved around and mingled freely to renew the professional friendship and
personal interactions that were made possible by this Conference.

The last technical session ended around 12:30 pm on November 3. With the next
Conference set to be held in Japan in 1992, the First Conference, by and large, appeared to
have been generally productive and useful. This can be attested by an enthusiastic
participation of 475 registered attendants of the Conference. The present author is
indebted to many individuals, in particular, the JSME-side organizing committee
members, without whose guidance and helpfulness the Conference might not have been as
successful as we had this time.
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Typing Instructions for Contributors to
Journal of Heat Transfer Society of Japan

Editorial Board for J. Heat Transfer Soc. Japan

c/o Department of Mechanical Engineering
Tokyo Institute of Technology
Meguro-ku, Tokyo 152, Japan

Manuscripts should be typed single-half-spaced within a space of 170 x 255
mm, on one side of the page, using A4 (210 x 296 mm) or letter-size (8!/, by 11
inch) white paper and 12-pitch typing letters. The manuscripts must be
typewritten clearly using a black carbon or film ribbon on an IBM or equivalent
typewriter. A word processor may be used with a letter-quality printer. The
printing plates will be prepared by photographing the original manuscripts
submitted. Therefore, it is important for typists to avoid erasers and keep
the manuscripts as clean as possible. The pages will be reduced approximately
14% by the printer so that the data must be large enough to be readable at that
reduction.

On the first page of each chapter, the chapter title should be typed
centered, leaving two 1lines of space above 1¢t. The author's name and
affiliation should also be typed centered. Put them on a 1line separate from
the title and phe text, leaving one line of space above and two lines of space
below. On the second and subsequent pages, start typing at the top of the
page. Each text page holds 40 1lines of type. Using a light-blue pencil,
lightly write the page number at the upper right corner of the page.

Equations should be typed if possible. If handwritten, they must be
carefully lettered using black ink, using symbols approximately the same size
as the typewritten characters. Type the equation and its number enclosed in
parentheses as follows:

St = 0.0287 Pr 2/S Re /¥ ' (1)
All symbols should be defined in the text. If a nomenclature section is
included to define unique symbols, place it at the end of the text’just ahead
of the reference section. All data should be reported in SI units.

Place the table/figure preferably at the top or bottom of a page as close
as possible to its first mention in the text. Type captions for tables/figures

right above/under them. Leave one line of space between the table/figure and
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following or preceding text. High quality reproduction of 1illustrations
depends on the condition of the original artwork. It should be prepared as
carefully as the text. In planning sizes of line figures and labels, keep in
mind that the final page will be reduced 14% by the printer. Be certain that
labels and data points will be legible at this reduction. Glossy prints,
photostats, or reprints of drawings may be used if they are of high quality
with sharp, even lines and lettering. Photographs must be sharp black-and-
white glossy prints.

References should be listed immediately following the text. They may be
listed either in alphabetical order or in numerical order by text citation. In
the text, reference citations should be either by the 1last name of the
author(s) and the year of publication or by the reference number enclosed in
square brackets, respectively. Some sample lists of symbols and references
follow:

NOMENCLATURE
cp specific heat at constant pressure, J/kg K
hy local heat transfer coefficient, W/m2K
Pr Prandtl number
ReX Reynolds number, umx/v
St Stanton numbcr, hx/pcpuw
uy free stream velocity, m/s
X distance from the leading edge, m
v kinematic viscosity, m?/s
p density, kg/m?

REFERENCES
[1] Clark, J. A., 1986, Private Communication, University of Michigan, Ann
Arbor.

[2] Lee, Y., Korpela, S. A., and Horne, R. N., 1982, "Structure of Multi-
Cellular Natural Convection in a Tall Vertical Annulus,” Proc. 7th Int.
Heat Transfer Conf., U. Grigull et al., ed., Hemisphere, Washington, DC,
vol. 2, pp. 221-226.

[3] Sparrow, E. M., 1980, "Forced-Convection Heat Transfer in a Duct Having

Spanwise-Periodic Rectangular Protuberances," Num. Heat Transfer, vol. 3,
pp. 149-167.

[4] Tung, C. Y., 1982, "Evaporative Heat Transfer in the Contact Line of a
Mixture," Ph.D. Thesis, Rensselaer Polytechnic Institute, Troy.

Note that a long list of references may be typed single-spaced.
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	　中国・四国研究グループ講演会　須藤　浩三（広島大）

	＜お知らせ＞
	　日本伝熱研究会学術賞・技術賞の設置と公募のお知らせ
	　第26回日本伝熱シンポジウム
	　英文原稿のタイピングインストラクション
	　第９回国際伝熱会議論文集募集




