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HEAT TRANSFER IN

TURBULENT FLOW ON A

HORIZONTAL TUBE FALLING
FILM EVAPORATOR. A
THEORETICAL .APPROACH:-

SUMMARY
A simplified theoretical approach for
the prediction of evaporation (no-

nucleate boiling) heat transfer
coefficient in a horizontal tube
falling film is proposed. The

correlation is derived from an
analysis of the thermal boundary
layer under the assumption of
turbulent flow regime and taking into
account the thermal developing
region. A diagram to evaluate
h(J.c2fp2gk3 " as a function of Re
and Pr is proposed.

A regresaion analyais of the
numerical computations allows us to
provide a dimension.lesa formula 1i
(J.c2/p2gk3 1 3 = 0.046 Re0+ 11P,.0-
47 valid in the ranges Re < 150Q-
5000 and Pr = 1-5.

SYMBOLS

I -acceleration of gravity, m/a2
hx  -Jocal beat transfer coefficient,
KJ/m2 °C

h -average beat transfer
coefficient, K.J/m °C

k -thermal conductivity of liquid
K.l/m°C

n -numerical constant inDeisaler
Eq. (4)

Nu -NW118It number

Pr -Prandtl number

Prt  -turbulent Prandtl number

R -tube radius, m
Re  -Reynolds number
T - local temperature of the
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QUA TRINH TRUYEN NHIET O
CHE PO DONG CHAY ROI
TRONG THIET BI BOC HOI
MANG ROI KIEU ONG NAM
NGANG: MOT PHUONG PHAP
TIEP CAN LY THUYET

TOM TAT

Trong bai bao nay, chung t6i dua ra
(dé xuat) mot phuong phap tiép can
ly thuyét don gian dé tién doan hé sb
truyén nhiét bay hoi (khéng s6i sui
bot) trong mot mang roi dng nam
ngang. Su twong quan dugc rut ra tir
phan tich 16p bién nhiét trong ché do
dong chay rdi va c6 tinh dén cac khu
vuc dang hinh thanh nhiét. Chdng toi
cling d& xuat mot so d6 dé danh
gia.....theo Re va Pr.

Phan tich hoi quy caa cac tinh toan
s6 cho phép chiing ta dua ra mot biéu
thirc khong don vi ( J.c2/p2gk3 1 3 =
0.046 REO « 11P , 0,0-47 c0 thé &p
dung duogc trong khoang Re ¢ 150Q -
5000 va Pr=1-5.

CAC KI HIEU

g- gia téc trong truong, m/s?

he-hé sb truyén nhiét cuc bo , KI/m?
°C

h - hé s6 truyén nhiét trung binh, K.J
/me°C

k- d6 dan nhiét cua chat long K./ m
°C

n- hang sb tinh toan trong phuong
trinh Deisaler (4)

Nu — S& Nusselt

Pr- S6 Prandtl

Prt - S6 Prandtl xao tron

R- ban kinh éng , m

Re-Sb Reynolds

T - nhiét @6 cuc bo cua chat long, °




liquid, °C

Taat -saturation temperature of the
liquid, °C

T.., -wall temperature, °C

u -velocity component of the liquid
in x direction,m/s v -velocity
component of the liquid in y directio
m/s X - tangential coordinate, m

X -numerical constant in von
Karman Eg. (5)

y  -radial coordinate, m

Greek symbols
a - of the liquid, m2/s

r - mass flowrate per axial unit
length flowing over one side of the
tube,

kgfsm

0 -film thickness of the liquid, m
fH -eddy diffusivity for beat
transfer, m2/s

fM -eddy diffusivity for momentum
tmnsfer, m2/s

p  -absolute viscosity of the liquid,

kg/ms
11 -kinematic viscosity of the
liquid, m2/s

p  -density of the liquid, kg/m3
INTRODUCTION

The horizontal tube evaporator
(HTE) is characterized by a falling
film of the vaporizing solution that
flows over the outside of the tube,
while the hot fluid (generally
condensing steam) flows inside the
tube bundle. There is the opposite
situation in the falling film long tube
evaporator (LTV) where the film of
cold fluid flows downward,
cocurrently with the vapour, along
the inside of the vertical tube, and
the condensation takes place on the
outside.




During the last few years, indUJtrial
interest in HTE has been increuing
due to ita higher heat transfer
coefficient compared with the
conventional evaporators.

HTE can find application in the
vapour compreuion or multiple effect
processes for the concentlation of
solutions  with  non  volatile
components. Particular interest for
HTE bas been expressed in the
desalination  field, where the
horizontal tube multiple effect
process appears to be very
promising. In fact, it is possible to
anange a large number of effects in a
vertical pattern, removing the
problems arising from the large
number of pumps, one for each
effect, typical of the conventional
horizontal arrange- ment of LTV
evaporators.  Other  fields  of
application are the refrigeration
systems and, more recently, the
Ocean Thermal Energy Convenion
(OTEC) power plants. The main
problem in the design of the HTE is
the computa- tion of the beat
t:ransfer coefficient, due to the limita
of the theoretical analysis whose
agreement with experimental data
has been verified at Reynolds
numbers lower than tboae of
indUJtrial interest.

The paper of Solan and Zfati [1)
shows the solution for the film thick-
ness and heat transfer rate obtained
by a Karman-Poblhausen analysis
and by a local similarity technique.
The laminar theory proposed is in
good agreement with the
experiments up to Re = 600. An




analysis substantially similar to that
of Solan and Zfati for the laminar
falling film flow and heat transfer
characteristics is presented by
Rogers [2]. One of the main dif.fer-
ences is a simplification of the
diffetential equation that allows him
to provide a closed-form
analyti<;alsolution at the sacrifice of
some accuracy.

The theoretical analysis of Moalem
and Sideman [3] is based on the
integration of dimensionless
continuity, momentum and energy
equations in a laminar flow regime.
The film side and the overall heat-
transfer coeffi- cient are evaluated
and compared with limited available
experimental data. The conclusions
of the authors are that the lamin.S
theory yields coefficients which are
some 50% of those derived from
expenmental measurements.

Lorenz and Yung [4] have developed
a semi-empirical model of combined
boiling and evaporation of liquid
films on horizontal tube using the
correla- tions proposed by Chun and
Seban (5) for vertical tubes and the
experi- mental data of Fletcher et al.
[7,8] and Liu [9]. Similarly Owens
[6] has proposed laminar and
turbulent relations obtained by the
use of the Chun and Seban [5]
formula to correlate the experimental
data of Fletcher [7,8], 'Liu [9] and
Parken and Fletcher [10]. Although
the same dimensionless formula and
the data of the same experimenters
are utilized, the two papers provide
correlations that are not in agreement
as far as the dependence from the
Reynolds number is concerned (see




Fig. 3).

Experimental data and related
empirical correlations have been
proposed Dby Slesarenk.o [11],
Berezin et al. [12], and Putilin and
Podberezney (13]. Also in these
cases a wide range can be noted as
far as the dependence of the heat
transfer coefficient from Reynolds
and Prandtl numbers is con- cerned.
In our opinion, the scattering of the
experimental data of various authors,
amplified by the presence of the
nucleate boiling phenomenon, makes
every empirical approach unreliable
and probably can explain the dis-
agreement among these kinds of heat
transfer correlations.

In this paper a simplified theoretical
approach for the prediction of
evaporation  (no-nucleate boiling)
heat transfer coefficient in a
horizontal tube falling film is
proposed.

The correlation is derived from an
analysis of the thermal boundary
layer under the assumption of
turbulent flow regime as in the
Dukler [14] approach for vertical
long tube falling film, but differently
from his work, the thermal
developing region is taken into
account, due to the short run of the
vaporizing liquid on the tube. The
turbulent model is at variance with
the method recently proposed by
Parken and Fletcher [15] based on
the 888Umption of laminar and
steady flow. This hypothesis cannot
be accepted due to the high values of
the Reynolds number (300(}-5000)




investigated. As a matter of fact the
experimental values of the local
coefficient found by the authors are
systematically in  excess with
reference  to  their  theoretical
predictions. This fact supports the
assumption of turbulent now regime.
A schematic sketch of falling film
flow on a horizontal tube is shown in
Fig.1.

Fia. 1. Horizontal tube fallint lilm.

A. ssuming that the pressure
gradient is negligible and that the
local rectangular coordinates may be
used, due to the small thickness of
film, the continuity, momentum and
energy equations for turbulent fiow
are:

where the second order and the
viscous dissipation terms have been
neglected.

At. in the paper of Lorenz and Yung
[4] we consider the tube
"unwrapped” to form a vertical
surface, neglecting the component v
of the local velocity. This implies a
constant thickness of the film along x
and a fully developed turbulent
velocity profile.

At. a consequence the system (Eq.
(1)) is reduced to






