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INTRODUCTION
Two-phase two component heat transport in non-boiling situation is encountered in many
chemical and thermal engineering processes. Simultaneous preheating of a liquid and an inert
gas is however often required in catalytic and other processes. The vertical pipe flow of
gas-liquid and liquid-liquid mixtures is widely encountered in petrolium industry.

In non-boiling systems, the enhancement of convective heat transfer by injecting a gas
phase in confined liquid flows has been observed. Estimation of two phase heat transfer
coefficients in non-boiling is very useful, yet this topic received comparatively little attention
from researchers. Collier (1972) presents comprehensive literature survey. However table 1
presents the experimental details of previous investigators in two-phase two-component vertical
pipe flows in round tubes. Shah (1981) presented a correlation to predict two-phase two
component heat transfer coefficients covering bubbly, slug and annular regimes.

EXPERIMENTAL SET-UP ANDPROCEDURE

The experimental set-up consisted of a brass tube test section of 10 mm i.d. with 2 mm wall
thickness and 860 mm length. Two tappings are provided to measure the two phase pressure
drop over this length. Four copper—constantan thermocouples (30 gauge) are fixed to the wall at
equidistant to record the wall temperature. Test section was wound with nichrome wire
(24 gauge) and was heated by passing electricity with the help of a variable transformer. Entire
test section including the nichrome wire was insulated with asbestos powder to minimise the
heat loss. Liquid-air mixture temperatures both at the entrance and exit of the test section were
measured with the thermocouples (copper—constantan-24 gauge). All the thermocouples were
previously calibrated.

Table 1. Experimental details of previous investigators in two-phase component vertical up flows in round tubes

Tube LD. Liquid low  Flow*
Author(s) Test Section (cm) L/D Fluids kg/m’s regimes UslUL

Verschoor & Steam heated tube 1.4 28 air-water 140-446 B.S.A 0.1-200

Stemerding (1951)

Novasad (1972) Water cooled tube 3.78 27  air-water 817 B.S 0.03-54
Hy-water 17 B,S 0.34-3.12
air-n butanol 14 B,S 0.12-5.2
Hz-n butanol 14 B,S 0.05-9.6
air-40%
glycerine (aq) 15 B,S 0.04-0.86

Groothuis & Steam heated tube 14 14 air-water 200-800 B,S,A 1-200

Hendal (1959) air-oil 220-420 B.S,A 1- 40

Kudirka et al (1965) Elect.heated tube 1.6 14 air-water 156-224 B,S,A 0.16- 75
air-glycerol 56 B.S,A 0.25- 75

Dorresteijn (1970)  Elect. heated tube 7.0 16 air-oil 204640 B,S, A  0.004 - 4500

Chu & Jones (1980) Elect. heated tube 2.67 34  air-water 416-3211 B,SA 0.12-2.14

Present Elect. heated tube 1.0 86  air-water 300-1600 B,S 0.3-25
air-glycerine (aq) 200-1500 B,S 0.6-4.6

*B = Bubbly, S = Slug, A = Annular
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Table 2. Range of variables studied

Variable Range studied

System air-water, air-glycerine (aq)
Liquid flow 200-1600 kg/m"s

UelUy, 0.3-4.6

Liquid viscosity ~ 0.7-13 Ns/m®
Wall temperature  36-86°C

Where Ug and U_ are gas and liquid superficial
velocities m/s.

Experimental data was collected for two phase pressure drop, single phase and two phase
heat transfer. At steady state the liquid flow, air flow and all the thermocouple readings are
noted. An average of the four thermocouples readings fixed on the wall of the test section was
considered as the wall temperature for calculation purposes. The range of variables studied is
given in table 2. :

RESULTS AND DISCUSSION
The experimental data collected are categorised as follows: (a) two-phase pressure drop; (b)

single phase heat transfer; and (c) two phase heat transfer. The first two viz (a) and (b) confirm
the reliability of the two phase heat transfer data collected in (c).
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Figure 1. Comparison of experimental two phase pressure drop with Lockhart-Martinelli (1949) correlation.
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(a) Two-phase pressure drop

Two phase pressure drop data has been collected for systems; air-water and air-glycerine
(aq). Reynolds numbers range from laminar to turbulent for both the streams. Figure 1 shows a
plot of (ATrp)exp VS (ATrp)prep Over the length of 860 mm. (APrp)prep Was calculated with
Lockhart & Martinelli (1949) correlation.

Where (AT1p)exe and (AT7p)erep are the two phase pressure drop experimentally obtained
and the calculated with Lockhart & Martinelli (1949) correlation.

Density and viscosity of water and glycerine (aq) were experimentally measured over the
temperature range investigated presently.

(b) Single phase heat transfer
Single phase heat transfer coefficients for water and glycerine (aq) were obtained. Heat
transfer coefficient was calculated as per the following energy balance equation

by = 20LGT=T) | "

Where hgp is single phase heat transfer coefficient, W/m’K; Q; is liquid volumetric flow
rate, m*/s; py is liquid density, kg/m’; C; is liquid specific heat, J/kg K; T, is inlet temperature,
K; T, is outlet temperature, K; AT,,, is log mean temperature difference, K and A is heat
transfer area, m%. (A = DL, D is test section inside diameter, m; and L is test section length,
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Figure 2. Comparison of the (Nugp/Pro(uy/uy)™) obtained experimentally with standard
correlations for laminar and turbulent flows.
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m) and
(Ty—-TY)-(Tw—-T)
AT ="y
In =1
(Tw—T)

where Ty is wall temperature, K.
Figure 2 shows a plot of log (Nugp/Pr'”*(ug/pw)*") vs log Re,.
Where

o= (2)

is single phase Nusselt number. k is liquid thermal conductivity, W/mK;

_ Crug
()

is Prandtl number, g, is liquid viscosity, Ns/m? ug is liquid viscosity at the average of inlet
and outlet temperatures, Ns/m? pu, is liquid viscosity at wall temperature, Ns/m?.

From figures 1and 2 it is evident that the experimental measurements are reasonably accurate
within experimental error.

(c) Two-phase heat transfer coefficient
The two-phase heat transfer coefficient is calculated using the equation

horo = (QGPGCG + Qo C (T, - TY)
P = .

AAT,,. 2]

Symbol Source System Upi{mis)
—o—o- | Groothuis{1959)! air -water 0.28
——— [ Kudirka (1965) do 1.37
~~~~~ Verschoor{1951) do 0.3%5
—0-0-0~| Chu (1980) do 0.42
—0—@— | Present do 1.1
—¢—¢— | Present air - glycerine{aq) | 0.5
% |Groothuis(1959)|air- oil 0.5
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Figure 3. Plot of Ug/UL vs hyplhsp for various liquid velocities.
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Where hrp is two phase heat transfer coefficient, W/m?K; Qg is air volumetric flowrate,
m’/s; pg is air density, kg/m? C; is gas specific heat, J/kg K.

Figure 3 shows a plot of hrplhsp vs Ug/U, for different liquid velocities. This figure 3
presents the present experimental data as well as the data available in literature. It is evident
from figure 3 that addition of air caused a sharp increase in two-phase heat transfer coefficient in
the initial values of Ug/U;. But there is definitely an effect of gas addition beyond Ug/ U, of 1.0
but only marginal. A correlation has been developed assuming seperated flow model concept.
So far there exists no single simple correlation which predicts the two-phase heat transfer
coefficient irrespective of the system combination. Present correlation is limited to Re; range of
300-16,500 and U,/U, values of 0.3-4.6. The correlation is given by
where

DU,
Re, = LPL
1
is Reynolds number
0.25
Nurp =0.5(5€) " (Rew) P (ol )™ 3
L

where Nupp = (hyeDfk) is two phase Nusselt number, Rey, is Reynolds number of mixed flow
and Rey = (DUrp/p1) + (DUgpel 1c)-
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Figure 4. Comparison of (Nure)prep and (Nurp)exp.
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Figure 4 shows a plot of (Nuyp)exp vs (Nugp)prep, Where present experimental as well as
the literature values are presented. About 90% of the total data points fall within +25%.

CONCLUSION
It has been observed that the addition of small amount of air increased the two phase heat
transfer coefficients by 200%. This increase is not very predominent at higher Reynolds number
of liquid. The increase in two phase heat transfer coefficient will definitely reduce the size of
the equipment for a given heat duty. Though there is increase in hyp at high values of Re; and
Ugl Uy ratios, the pressure drop considerations must be viewed for economic design of the heat
transfer equipment.
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