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ABSTRACT

The heat transfer involving two-phase immisciblstays is gaining importance in petrochemical antiedl
industries. In the present study, varying compasgtiof two-phase liquid systems were experimersgéligied in a
shell and tube heat exchanger. The objective &f shidy is to establish a two-phase parameter taticen to
predict two-phase heat transfer coefficient whiduld be vitalfor the optimal design of heat transfer equipmént
new two-phase parameter called modified two-phastiptier (MTPM) has been proposed and correlateithw
Lockhart-Martinelli parameter and Quality for difeent compositions of liquid-water systenThe experimental
data was statistically analyzed to develop a catieh for two-phase liquid systems on tube sides déveloped
correlation predicts MTPM and two-phase heat transfoefficient from single phase data with a maxmarror of
+15 % for 7 different two-phase liquid systems.
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INTRODUCTION

Understanding of momentum and heat transfer inghase flow is essential for designing best feadibktransfer
equipmentusedparticularly in petrochemical and allied industries

Many researchers had used the empirical Lockhartiddli approach [1] for describing hydrodynamicida
pressure drop studies in gas-liquid two-phase ffow various geometries [2] — [7]. Chisholm and daii8]

developed the general correlation between the Lavameter and the two—phase multiplier for pressuog first

time on liquid-liquid two-phase flow in circulartia. Similar kind of studies have been carried ouliquid—liquid

systems in various geometries such as horizonpahgpi9] — [11], microchannels [12], [13], horizahtand annular
piping [14] — [17], inclined pipe [18], [19].

In the recent years, studies on heat transfer witwpltwo-phase liquid - liquid systems have begorted in many
heat exchange equipments, such as spiral plateelxeatinger [20], agitated vessel with helical ¢2il], direct
contact heat exchanger [22] and shell and tubeehedianger [23] - [29].

In the previous studies, heat transfer coefficieas correlated with Reynolds number in power-lashifan for each
composition of two-phase, liquid-liquid systems[3The coefficient and exponent were used in theutation of

L-M parameter. Subsequently, a model was develop&ting L-M parameter and two-phase multiplier ethi
could be used for prediction of two-phase heatstfiencoefficient based on each composition of teuwater

systems. Though the two-phase heat transfer cleaistzts in chosen equipment had been studied taildgery

few studies had been conducted for determining et transfer and flow behavior in shell and tuleath
exchangers.
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From the survey of literature, it is evident thatah of the research in liquid-liquid systems hasnbgredominantly
on the fluid dynamics area with relatively fewernk® on heat transfer. This paper reports the dewedémt of a
correlation for MTPM for the instance of heat tf@ndetween a single phase stream and a two-plasarsfor a
reasonably wide variety of liquids constituting tgbases.

MATERIALSAND METHODS

The 1-2 pass shell and tube heat exchanger usérb&bitransfer experiments is described in ourezaslork [23] -
[27] and its process flow diagram is shown in Feglir In the present work, experiments were cawigdn a shell
and tube heat exchanger with supplying hot watéha@$eating fluid in shell side and two-phaseesysof different
fluids in tube side as the process fluithe present work investigates seven liquid-watetesys viz. Kerosene,
Diesel, Nitro benzene, Oleic acid, Palm oil, Octamel Dodecane in varying proportions with watersasond
phase.V1, V2, V3 and V4 are manual valves used to adjustflow rates of hot and cold streams. An agitatas
used to ensure constant mixing of two fluids inrb&ervoir.

This experimental design yielded 7 two-phase systeith 4 compositions20%, 40%, 60%, 80% and 100%gch
leading to 28 different two-phase systeifise flow rate of process fluid investigated in tidide of the exchanger
is from 0.0043 to 0.1062 kg/Fhe wide ange of thermo-physical & transport propertiesarious pure liquids used
for formulation of two-phase, liquid-liquid systerase dealt in this study.
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Figure 1: The processflow diagram

1. Calculation methodology
3.1: Shell side (hot water):
3.1.1 Mass flow rate of hot water in shell side is gi\®n

Mps = ViPhs (1)

3.1.2 Shell side heat transfer rate is calculated ugiadollowing expression:

Qus = mhsthS(ThZ _Thl) )

mys, Cphs - Mass flow rate (kg/s) and Specific heat (J/kgoKhot water.
Thi, Thz - Inlet and Outlet temperature of hot water, K
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3.2: Tube side (Process fluid):
3.2.1 Velocity of single-phase fluid is calculated as

Vlt
u, = —1 (3)
1t At
The total cross sectional area of tubeg (&
2
A = D N 4)
4 N,
Ni N, - Number of tubes and Number of passes
3.2.2 Mass flow rate of fluid is given by
My = Vy Py (5)

3.2.3 Tube side heat transfer rate is related to temperaise of single-phase stream is
Qlt = mltcplt (Tc2 - Tcl) (6)

my, Cpui- Mass flow rate (kg/s) and Specific heat (J/kgoKingle-phase fluid.
T, Tz - Inlet and Outlet temperature of cold fluid in éuside, K

3.2.4 The tube side Nusselt number for single phasdaseeto Reynolds number by following formula [31].
0333
Nu, o (RePr) ()

3.2.5 Lockhart-Martinelli parameter is calculated as

1 _ X 2- 0333 p 0333
X =( j (—“] Hu @®)
X, P )\ Hy

P.::Ps- Density of cold water and pure liquid in tubdesikg/m?)

MM - Viscosity of cold water and pure liquid in tuside (kg/ms)

Where X is quality parameter for two-phase fluid in tulidesgiven by

1
X, = 9)
1o (Puc Vi)
(04 Vi)
3.2.7 Modified two-phase multiplier for tube side flow of two-pkastream is given by
Nu
T (10)
Uy,

RESULTSAND DISCUSSION

1.1. Effect of Quality on Modified Two-phase Multipliéor the process fluid:

Figures 2 to 8 show the effect of quality on maatiftwo-phase multiplierd§ ;) of two-phase process stream, when
it was supplied through the tube-side. It is obsdrfrom Figure 2 that the modified two-phase mii&ipincreased
with increase in its qualityd,; relates single phase Nusselt number;{Nand two-phase Nusselt number (Nas
shown in Eq. (10)®,, is determined based on the single phase datae{iter from 100% water data or 100%
kerosene data).

As the proportion of the second phase increasesamhsequent decrease in the proportion of wteryiscosity
of the mixture increases while thermal conductividensity and specific heat decrease. At the same, this
increases the Nusselt number ¢)Nand hence the modified two-phase multiplier iases with the quality.

Figure 2 also compares tldg, based on 100% kerosene and based on 100% watee tBie single phase Nusselt
number of water was lower than the single phases®lusiumber of kerosene, tld#g, based on pure water was
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greater for a fixed quality of kerosene-water systeThe variation of th&,, with quality is a linear relationship
with a positive slope. Similar trend is seen fibother two-phase systems studied also as showigures 3 to 8.
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Figure 2: Variation between M odified two-phase multiplier and Quality for kerosene-water system in tube side
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Figure 3: Variation between Modified two-phase multiplier and Quality for diesel-water system in tube side
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Figure 4: Variation between M odified two-phase multiplier and Quality for NB-water system in tube side
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Figure5: Variation between Modified two-phase multiplier and Quality for octane-water system in tube side
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Figure6: Variation between M odified two-phase multiplier and Quality for dodecane-water system in tube side
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Figure7: Variation between Modified two-phase multiplier and Quality for oleic acid-water system in tube side
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Figure 8: Variation between M odified two-phase multiplier and Quality for palm oil-water system in tube side

1.2. Effect of quality on L-M parameter for the proces®am in tube side:

Figure 9shows the effect of quality on L-M parametgs( of two-phase process stream, when it was supplied
through the tube side. Figure s been drawn for different compositions of kemeseater, diesel-water,
nitrobenzene-water, octane-water, dodecane-wdtsc, acid-water and palm oil-water systems. Itliserved from
Figure 9 that the L-M parameter decreased witheimee in quality for kerosene-water as processrstréhe single
phase exponent is useful in determining L-M par@m&bm single phase data. The L-M parameter isutaied
based on the exponent value of Reynolds numbegyuier water and pure liquid. The L-M parameter walsuated
using the exponent value nas 0.333 [31] which represent the power to whitdynolds number is raised for
single phase data. The L-M parameter is relategusdity, ratio between density of pure kerosenpure water and
ratio between viscosity of pure water to pure kenesas shown in Eq.(8).

From the definition, L-M parameter has as inveation with the viscosity of the kerosene-watesteyn. As the
quality increases, the viscosity of the kerosentemprocess stream increases leading to a decreése value of
L-M parameter. Due to relatively wide range of thiscosity of the test fluids, the range of L-M paweter
variations are also large. As expected the higbosity fluids such as palm oil, oleic acid, haver iealues of L-M
parameter. Similar behavior has been observedtii@r dwo-phase process streams also as shown uineFagy
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Figure9: Variation between Quality and L-M parameter for seven liquid-water systemsin tube side
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4.3 : Effect of L-M parameter on Modified two-phase tiplier

Figures 10 to 18how the effect of L-M parameter of two-phase psscgtream on modified two-phase multiplier,
when the two-phase process fluid was supplied tiirdhe tube-side. Figure 10 has been drawn betwelified
two-phase multiplier and L-M parameter for differ@ompositions of kerosene-water system. It is nkskfrom
Figure 10 that the modified two-phase multiplieingersely proportional to L-M parameter. An inseey L-M
parameter for a kerosene-water system denotesadecia quality. It may be recalled from Figure battthe
modified two-phase multiplier increases with qualitience, with increase in L-M parameter, the mediftwo-
phase multiplier decreases due to decrease intgdiatia particular two-phase system. The variattbrmodified
two-phase multiplier with L-M parameter is not lareand obeys power law model. Similar behavior hasn
observed for other two-phase process streams sislcavn in Figures 11 to 16.
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Figure 00: Variation between L-M parameter and Modified two-phase multiplier for kerosene-water system in tube side
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Figure 11: Variation between L-M parameter and Modified two-phase multiplier for diesel-water system in tube side
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Figure 12: Variation between L-M parameter and Modified two-phase multiplier for NB-water system in tube side
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Figure 13: Variation between L-M parameter and Modified two-phase multiplier for octane-water system in tube side
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Figure 14: Variation between L-M parameter and Modified two-phase multiplier for dodecane-water system in tube side
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Figure 15: Variation between L-M parameter and Modified two-phase multiplier for oleic acid-water system in tube side
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Figure 16: Variation between L-M parameter and Modified two-phase multiplier for palm oil-water system in tube side

4.4: Modified two-phase multiplier, Quality and L-M panater correlations

A correlation between the modified two-phase miitip(®.,), Quality (X) and L-M parametery(?) for different
compositions of liquid-water systems based on puater, for the two-phase process stream flowinghentube
side is obtained as follows:

)— 0409

®,, = 0682 (X, ) %y an

The modified two-phase multiplier increases wittalgy and decreases with L-M parameter in non-linfieahion
for all the two-phase systems investigated in émaihar flow regime.

The coefficient and two exponents of Eq. (11) hdexn evaluated by regression analysis for the prese
experimental data having Quality range from 0.16.88, L-M parameter range from 0.027 to 13.803 randified
two-phase multiplier range from 0.633 to 1.801.

Figure 17 shows the comparison between the expetahealues of modified two-phase multiplier anagha
calculated using Eq. (11). It is evident from Figur7 that the Eq. (11) predicts the modified twagehmultiplier
for seven liquid-liquid systems within £ 15% ermmveying 28 various water-organic liquid compaosisi. Table 1
presents the statistics and the range of varidbitdsq.(11).

Table 1: Therange of variablesinvestigated for modified two-phase multiplier correlation in tube side

Dimensionless variables Range of valyes
Standard deviation in modified two-phase multipller ~ 0.095
Coefficient of variation (%) 8.167
Mean error (%) 6.564
Index of correlation 0.934
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Figure 17: Variation between experimental and calculated modified two-phase multiplier based on the developed two-phase correlation
in tube side

CONCLUSION

Experimental two-phase heat transfer studies wenelucted in a shell and tube heat exchanger. Thelation
obtained between X ®; and tht for different compositions of liquid-water systetmagsed on pure water, will be

useful in predicting two-phase heat transfer coadfits using pure phase thermo-physical properfies.predicted
values can be used for designing heat exchangera fpecific two-phase duty in the Reynolds numbarge
investigated. Based on the summary in Table Hritlee concluded that water is a better referendg dlompared to
other organic liquids. The developed correlatioadists the MTPM for two-phase liquid system in tugide with a
maximum error of + 15 % for wide range of data p®icovering 7 different two-phase systems.
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