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Abstract — The paper deals with experimental studies on heat transfer coefficients in two phase cocurrent

flow in a horizontal tube where liquid jet momentum has been used for gas-liquid dispersion and heat

transfer. Empirical equations have been developed to predict augmentation ratio of heat transfer as a
function of various physical and dynamic variables of the system.

NOMENCLATURE
area ratio, (D/d)?;
specific heat of motive fluid;
specific heat of the secondary fluid;
diameter of the tube;
diameter of the nozzle;
effective entry diameter, (D — d);
Euler number of the secondary fluid
APg./p'u?;
gravitational constant ;
two phase heat transfer coefficient with jet
mixing;
single phase heat transfer coefficient of liquid
without jet mixing;
humidity of air,
thermal conductivity of the motive fluid;
thermal conductivity of the secondary fluid ;
motive fluid mass flow rate;
secondary fluid mass flow rate;
static pressure as denoted by subscripts;
pressure difference, Py — P;;
Prandtl number of the motive fluid;
Reynold’s number of motive fluid based on
nozzle diameter;
Reynold’s number of the motive fluid based
on tube diameter;
bulk temperature of fluid as denoted by
subscripts;
temperature of the secondary fluid, as de-
noted by subscripts;
jet velocity based on nozzle diameter ;
velocity of the secondary fluid based on the
effective entry diameter, de;
volumetric flow rate of the motive fluid;
volumetric flow rate of the secondary fluid;
axial distance along the length of the test
section from the point of entry to the section;
density of the motive fluid;
density of the secondary fluid ;

*Present address: M/s APV Engineering Company, 2,
Jessore Road, Calcutta-700028, India.

U, viscosity of the motive fluid;

uw, viscosity of the secondary fluid.
Subscripts

av,  average;

S

sections 1,2, 3,4 and §5;
inlet to the test section;
outlet to the test section;
wall.

P

INTRODUCTION

THE USE of jet mixing phenomena for creating high
turbulence and mixing between the phases is well
known. In recent years this mechanism has been
utilised for gas-liquid or liquid-liquid mixing in
straight tubes [1-4]. The momentum of the jet is
utilised for dispersion of one phase into the other, for
intense mixing between the phases and for continuous
renewal of the interface,. The effect of this mechanism
on two phase mass and momentum transfer have been
well emphasized and results are highly encouraging.
However, very little work has been reported on heat
transfer in such types of systems. It is expected that this
mechanism may lead to the augmentation of heat
transfer. Moreover, if such systems are to be designed
for gas—liquid interfaces where energy transfer is also
taking place, a knowledge of the two phase heat
transfer coefficient is essential.

The present study deals with heat transfer in a two-
phase water—air system in a horizontal circular tube
with gas dispersion by shearing action of liquid jet.

POSITION OF THE PROBLEM

The heat transfer coefficients for the two phase flow
system have been calculated from an equation derived
by applying a macroscopic heat balance over a control
volume of the test section and assuming 1009 satu-
ration of air as it flows through the test section. The
application of energy balance to the control volume
gives,

a1+ 4q; =43, (1)
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where
q, = rate of heat transfer into the control volume
by fluid flow
=Mc,T|,+ Mc,T|,, )
g, = rate of heat transfer into the control volume
by convection

and = hTPnDAx(Tw - T)’ (3)
q; = rate of heat transfer out of the control
volume by fluid flow

=Mc,T|crax+ Mc,T| 45 4)

Substitution of equations (2)—(4) in equation (1) and its
rearrangement and evaluation within the limit x — 0
gives

daT dT

M! ’
Mc,—Tw — T+ C"Tw T

= hppnDdx.  (5)

Integrating the equation (5) within the limits shown,
we get

T dT fﬂ dT f"
Mc + M'c —— =hyprnD | dx.
’fr,.Tw—T R I i

(6)

It may be mentioned here that the upper limit of
integration for the temperature for both gas and liquid
has been taken as T,. This is because in such systems it
has been reported [5] that intense mixing takes place
between liquid and gas. Thus gas gets dispersed
uniformly and bubble flow is maintained in the system.
Equation (6), on further simplification and rearrange-
ment, leads to

kRerPr In T, - T
4x T,—-T,

MI t T — TI
"l ()
Dx "T,—T,

w s

hTP =

The fluid properties needed for the evaluation of hrp
at a particular section from equation (7) have been
calculated at the average of the inlet temperature and
the temperature at that section. The specific heat of air
has been evaluated from the relation [6]

¢, =024 + 0.45H. ®)

The variables that will affect the two phase heat
transfer coefficient are classified in the following
different groups:

Geometry of the system

The diameter of the nozzle, d, the diameter of the
pipe, D, and the axial distance from the point of
commencement of gas-liquid mixing, x, fall in this
group. The axial distance is important because mixing
is not uniform along the length of the test section.

Properties of the liquid

The specific heat, ¢,, the conductivity, k, the density,
p, and the viscosity, u, are the physical variables that
will affect heat transfer.
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Properties of the gas
The specific heat, ¢, and the density, p', are the
physical variables which have been considered.
These physical properties have been changed by
changing the working temperature of the system and
have been taken into account.

Dynamic conditions
They may be defined as the velocity of the liquid
through the nozzle, u, the velocity of air, ' and the
pressure drop in the two phase flow system, AP.
Since, in two phase heat transfer studies, it is
customary to express the heat transfer coefficient as the
augmentation ratio, i.e. ratio of hyp to hy, it may be
written that
hﬁ:f(deck P ', AP 9
b , D, x, cp ko, cp pu, U, AP g,). (9)
Dimensional analysis would then lead to

h
% = f(Rey, Pr, Ev, Ag, x/D, de/d, p'/p, u'/u).
F
(10)

Since the ratio of diameters de/d is directly related to
Ag, equation (10) reduces to
hre

G =/ (Rey, Pr, Eu', Ag, v'/u, x/D, plp). (11)
F

EQUIPMENT AND GENERAL PROCEDURE

Figure 1 is a schematic diagram of the equipment,
the dimensions of which are summarised in Table 1.

The equipment consists of a nozzle chamber, J, a
horizontal test section, SS, and other accessories like
centrifugal pump, P, air compressor, C, gas cylinders A
and B, pressure gauges G and G’, control valves
V,-V,3, the separator tank SP, the heating arrange-
ments and thermocouples t;—ts, etc. The forcing
nozzle, N, is of straight hole type is precision bored to
obtain a smooth passage and to avoid any undue
shock and losses. It was fitted in the nozzle chamber at
an optimum position [7] of 1.27cm from the com-
mencement of the test section. To find the effect of x/D,
the test section was divided in five sections, 1-5, the
x/D values of which are given in Table 2. Ther-
mocouple pockets were provided to measure the
average temperature at each section. For maintaining
constant wall temperature each section was heated by
a separate electric circuit to enable heat input in any
section according to requirement. To avoid con-
duction heat losses from the test section the separator
and jet chamber were separated from the test section
by small thin Teflon tubes. The measurement of both
wall and fluid temperatures at various different points
have been carried out with copper—constantan
thermocouples.

At the start of the experiment the water jet was
formed and was found to move a long distance in the
test section before disintegration. In order to utilise the
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A, B, Gos cylinders 0, Oil trap

C, Air compressor P, Pump

D, Gas drier R, Gas requiator
€, Drain line SP, Separotor tank
G, G', Pressure gouge S8, Test section
M,~Mg Manometers t-ts, Thermocoupies
N, Nozzle T, Tp, Thermometers
J, Nozzle chamber W, Water storoge

Zi, Zp, Orifice meters Vi~V;Valves

Thermol insulation
Heating coil

FiG. 1. Experimental set-up.

Table 1. Dimensions of nozzles

Nozzle Tube
Serial Type of Nozzle diameter diameter Area ratio
number nozzles number d (cm) D (cm) Ag = (D/d)?
1 Straight hole type 1 0.4366 33.85
2 2 0.3788 2.54 44.96
3 3 0.3175 64.00

Table 2. Distance of measuring point from point of entry

Tube

Section Distance diameter

number x (cm) D (cm) x/D
1 45.7 18.0
2 91.5 36.0
3 137.2 254 54.0
4 1829 720
5 2286 90.0

jet momentum for efficient heat transfer, it was arrested
at the beginning of the test section. This was achieved
by filling up the separator, SP, and the test section, SS,
with water by controlling the valve, V; At this
condition there was single phase flow through the test
section and the level of water in the separator was at
L-L. Any attempt to change this level either caused
flooding in the jet chamber or disintegration of jet [3].
Next, air was allowed to enter through the secondary
inlet needle valve, V,. This caused some disturbance in
the level of the separator and it was readjusted to the
same level L-L which ensured the arresting of the jet at
the beginning of the test section. When the steady state
was reached, the heating commenced. The variacs were
adjusted to maintain a constant wall temperature all
through the test section. The data on gas flow rate,
water flow rate, two phase pressure drop in the test
section and the temperature at various sections have
been obtained at steady condition. It may be interest-

ing to mention here that the temperatures T, and T, of
the air and the liquid in the separator were almost the
same, within +0.2°C. Experiments have been con-
ducted with three different nozzles, at water flow rate
ranging from 300 to 1000 kg h~* and air flow rate from
1 to 5kgh™!. The maximum wall temperature was
kept at 45°C when most of the heat transferred goes
into sensible heating and not into evaporation.

EXPERIMENTAL RESULTS AND DISCUSSIONS

A typical plot showing the axial temperature distri-
bution is given in Fig. 2. It may be seen that the
temperature rises rapidly at the beginning of the test
section but the rate of rise of temperature decreases
with increase in the distance of the point of measure-
ment. This is attributed to the fact that intense mixing
between the gas and liquid takes place at the beginning
of the test section which decreases with the increase in
x/D.

The hrp values at different sections have been
calculated from equation (7) and a typical plot show-
ing the effect of air flow rate at section 3 at a constant
liquid flow rate is given in Fig, 3. It is found that the
two phase heat transfer coefficient increases with
increase of air flow rate and then decreases. The initial
increase in hyp values may be attributed to uniform gas
dispersion in the form of bubble fiow with increase in
air flow rate. The subsequent fall in h;, values with
further increase in air flow rate may be due to
coalescence forming bigger bubbles. Similar obser-
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FiG. 2. Axial temperature distribution in the test section.

vation has also been reported by Johnson and Abou-
Sabe [8].

For finding the augmentation ratio, the hy values at
different sections have been calculated by the
Dittus—Boelter equation for single phase flow:

heD
—Fk— = 0.023(Re;)*® (Pr)°*. (12)

Figure 4 shows a typical plot of the effect of air flow
rate on the augmentation ratio at a constant liquid
flow rate. As expected augmentation ratio showed
similar behaviour as discussed in the previous para-
graph. It may be seen, however, that at a constant air
flow rate, the augmentation ratio increases with liquid
flow rate and then again decreases. This may be
explained qualitatively by the consideration that gas
dispersion by liquid jet momentum reaches a maximum
value which is not affected by further increase in water
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F16. 3. Effect of volumetric flow rate of air on hyp.
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F1G. 4. Effect of volumetric flow rate of air on hyp/hg.
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flow rate. At this stage though, increase in liquid flow
rate with constant air rate causes increase in both h;p
and hy values but the rate of increase of hyp is much less
compared to hp values. Hence the augmentation ratio
decreases. Similar observation has been reported by
Johnson and Abou-Sabe. Direct comparison is dif-
ficult because the Johnson and Abou-Sabe study used
very high flow rates of liquid and gas. However, at a
comparable flow rate of 450 kg h~ ! and air flow rate of
25m3h~! the augmentation ratio obtained in this
study was 6.5 which is much higher than the value of
1.9 obtained by Johnson and Abou-Sabe.

In order to correlate the experimental data on the
lines of equation (7), plots were made for eliminating
any possible interaction between the variables. Figures
5~7 show such plots where it is found that Eu’ is
directly proportional to Rey and inversely propor-
tional to u'/u and p/p’.

Hence, taking these relations into consideration
equation (11) reduces to

h
% =f(Eu, Pr, Ag, x/D),

F

(13)

which comes out as the complete representation of the
augmentation ratio in terms of the independent vari-
ables for heat transfer in jet mixing with secondary
flow of air.

EFFECT OF THE EULER NUMBER

The effect of the Euler number on the augmentation
ratio has been determined for a constant Prandtl
number, constant area ratio and x/D by varying air
velocity.

Figure 8 presents typical plots of the experimental
results. It shows clearly that, in a logarithmic plot, data
can be conveniently represented by straight lines. The
augmentation ratio increased slowly with the Euler
number of the secondary fluid.

EFFECT OF PRANDTL NUMBER

The effect of the Prandtl number on the augmen-
tation ratio has been determined by using the same
nozzle and taking readings at one section keeping the
air velocity the same and by varying the temperature.
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Figure 9 presents some plots. It shows clearly that
the augmentation ratio increases rapidly with the
Prandtl number of the liquid and can be represented
by straight lines in logarithmic plots.

EFFECT OF THE AREA RATIO

Three different nozzles were used in this investi-
gation. The Euler number and the Prandtl number
were kept constant and observations were taken at
different x/D. Typical plots are shown in Fig. 10.

Although the results are not so clear, it can be seen
that the augmentation ratio decreases with increasing
area ratio. This is expected since better dispersion is
obtained with bigger nozzles.

EFFECTS OF THE AXIAL
DISTANCE OF THE TEST SECTION

Measurements at five different x/D values were
taken for this purpose. The Euler number and the
Prandtl number were kept almost the same and
observations were taken with three different nozzles.

Typical plots are shown in Fig. 11. It can be seen that
the augmentation ratio decreases with increasing
distance of the test section. The logarithmic plot
clearly shows a straight line relationship. This is also
expected since the hyp value increases with distance up
to a certain maxima during which hg also increases as
the temperature of the system goes up. After this hyp
falls but h; remains practically constant.

ANALYSIS OF DATA

The preceding graphical representations constitute
only a first approach to the problem of heat transfer in
horizontal pipe flow with jet mixing. Indeed it must be
recalled that the parameters have been kept constant
only approximately. However, this first study clearly
shows that a power law type equation would con-
veniently represent the correlations between the di-
mensionless groups involved, i.e.

hh£ = AEu® Pr’* A%(x/D)>.
F

(14)

The numerical treatment of the 345 experimental
data at five different x/D has been done with the help of
digital computer EC 1030 using the least square
technique. This treatment leads to

hTP _

= 14.496Eu°'°“5 Pr1,638 A;O.GBZ(X/D)—OAGZ.
(15)

With a ¢ value of 1.96 for 340 d.f. at 0.05 level, the 959
confidence range on the regression coefficients are:

by:  0.045 + 0.0006,

b,: 1638 + 0.0616,
bsy: — 0.682 + 0.0032,

by: — 0.432 + 0.0006.

F

For the verification of the null hypothesis, ie.
whether the correlation is significant or not, the F
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F1G. 10. Effect of Ag on hyp/hg.

value has been calculated. The value obtained is equal
to 294.542, which is much bigger than the specified
value of F, o; = 3.36. Hence the null hypothesis may
be rejected and it may be concluded that the cor-
relation is highly significant at the 99% confidence
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x/D

Fic. t1. Effect of x/D on hyp/hg.

level. The correlation coefficient has also been calcu-
lated and is of the order of 0.881.

A plot of the experimental and calculated values of
hrp/hris shown in Fig. 12 where the range of variation
of different parameters are as follows:

100 < Eu < 1600,
4<Pr <7,
I3 < Ax < 64,
18 < x/D < 90.

CONCLUSION

Liquid jet momentum had been utilised for gas
dispersion and mixing. It has been found that this
technique can also be used in augmenting the heat
transfer coefficient in two phase horizontal flow. In the
present range of investigations augmentation ratios as
high as 12 have been obtained. A correlation predict-
ing the augmentation ratio was proposed which, under
the present range of parameter variations, may be used
with 999 confidence level.
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TRANSFERT THERMIQUE DANS UN TUBE HORIZONTAL AVEC MELANGE
DIPHASIQUE PAR JET

Résumé—Le texte concerne les études expérimentales sur le coefficient de transfert pour I'écoulement

diphasique 4 contre-courant dans un tube horizontal ol la quantité de mouvement du jet liquide est utilisée

pour la dispersion et le transfert thermique gaz-liquide. Des équations empiriques sont proposées pour

prévoir augmentation du transfert thermique en fonction des paramétres physiques et dynamiques du
systéme.

ZWEIPHASENWARMEUBERGANG IN EINEM HORIZONTALEN ROHR
MIT DUSENMISCHUNG

Zusammenfassung—Die Abhandlung befaBt sich mit experimentellen Untersuchungen iiber den Wir-

meiibergangskoeffizienten einer Zweiphasenstromung in einem horizontalen Rohr, in dem der Impuls eines

Fliissigkeitsstrahls zur Mischung von Gas und Fliissigkeit und zur Intensivierung des Wirmeiibergangs

dient. Empirische Gleichungen wurden aufgestellt, welche die Zunahme des Wirmeiibergangs als Funktion
von verschiedenen physikalischen und dynamischen EinfluBgréen des Systems wiedergeben.

JBYX®A3HBIM TEIJIONEPEHOC B FOPU3OHTAJILHON TPYBE INPHU CTPYHHOM
NMEPEMEIIMBAHUHA

Annoraums — [1poBeieHO IKCMEPHUMEHTA/IbHOE onpeleieHHe KkO3(QQHUHEHTa TeErIoNepeHoca npH

CIyTHOM TEYEHHHM [BYX(ha3HOW XHAKOCTH, JHUCMEPrHPOBAHHON TraloM, B TOpH3OHTajbHOH TpyGe.

Mony4eHbl SMIUPHYECKHE YPABHEHHS /UIA PacyeTa 3aBHCHMOCTH MHTEHCHObMKAILHH TeruionepeHoca oT
pa3IMYHBIX GU3HYECKHX M TUHAMHYECKHX NEPEMEHHBIX CHCTEMBI.
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