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In the present study, the main objective is to evolve a correlation to predict liquid-liq-
uid two-phase heat transfer coefficients in a spiral plate heat exchanger. Experimental stud-
ies were conducted in a spiral plate heat exchanger using the liquid-liquid two-phase sys-
tem of water-diesel in different volume fractions and flow rates as the cold fluid. Ex-
periments were conducted by varying the volumetric flow rate and temperature, keeping
the volumetric flow rate of hot fluid constant. The two-phase heat transfer coefficients
were correlated with Reynolds number, Prandtl number and volume fraction in the form
Nu = a (Re)b (Pr)c (�)d. The data obtained from fresh experiments were compared with
the predictions of the obtained correlation. The predicted coefficients showed a spread of
± 12 % in the laminar range, indicating the potential use for practical applications.
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Introduction

Heat exchangers are ubiquitous to energy con-
version and utilization. They involve heat exchange
between two fluids separated by a solid, and en-
compass a wide range of flow configurations. Sys-
tems involving multiphase fluid flow occur widely
in nature and in industry. Liquid-liquid two-phase
flows occur in many engineering applications, par-
ticularly in processing of petroleum, metal process-
ing, petrochemical and power generation industries.
A good understanding of the rates of momentum
and heat transfer for liquid-liquid multiphase flow
systems is a must for the optimal design of heat
exchangers for such systems. This involves the un-
derstanding of flow instabilities, effects of curva-
ture and their effects in possible enhancement of
heat transfer. There is little published literature on
such issues in the case of liquid-liquid two-phase
systems. The first step in gaining such understand-
ing is the development of transfer coefficient corre-
lations using pure phase thermophysical properties
and system parameters like flow geometries and
flow velocities.

The first detailed study in two-phase flow in
pipes was carried out by Lockhart and Martinelli
and proposed a correlation for isothermal two-phase

systems.1 The recent advances in the modeling of
two-phase flow and heat transfer has been reviewed
and a general thermal design method for two-phase
heat exchangers based on local two-phase flow pat-
terns and the flow structure has been studied.2

Oil-water two-phase flows in micro channels of 793
and 667 �m hydraulic diameters made of quartz
and glass were investigated and by injecting one
fluid at a constant flow rate and the second at vari-
able flow rate, different flow patterns were identi-
fied and mapped and the corresponding two-phase
pressure drops were measured. Measurements of
the pressure drops were interpreted using the homo-
geneous and Lockhart-Martinelli models developed
for two-phase flows in pipes. The results show sim-
ilarity to both liquid-liquid flow in pipes and
gas-liquid flow in microchannels.3 The correlation
of pressure gradients was studied for the stratified
laminar-turbulent pipeline flow of two immiscible
liquids and identified parameters �2 (ratio of the
two-phase pressure gradient to the pressure gradient
for one of the phases flowing alone) and �2 (ratio of
the pressure gradients which would exist if each
phase flowed alone) that were useful in correlating
data for the two immiscible liquids in closed con-
duits when at least one phase is in turbulent flow.4

The use of liquid-liquid slug flow in a capillary mi-
crometer was studied for identifying heat and mass
transfer in liquid-liquid reactions and the effect of
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various operating conditions on the flow regimes,
slug size, interfacial area and pressure drop were in-
vestigated. Experiments were carried out using dif-
ferent Y-junction mixing elements with various
downstream capillaries.5 The flow of immiscible
fluids in a PMMA microchannel was studied. Dyed
de-ionized water and kerosene were selected as the
test fluids. Flow patterns were observed by using a
CCD camera and identified by examining the video
images.6

The pressure drop, flow pattern and local wa-
ter-volume fraction measurements of oil-water flow
in horizontal and slightly inclined pipes were stud-
ied and observed, and the flow regimes categorized
into eight different flow patterns, in accordance
with the results presented by numerous literature.
The local water-volume fraction measurements
were compared for different mixture velocities, in-
let water cuts and pipe inclinations. The frictional
pressure drop was presented as a function of inlet
water cuts for different mixture velocities for hori-
zontal flows.7 Oil-water two-phase flow experi-
ments in an inclined steel pipe were studied and the
steady-state data on the flow patterns, two-phase
pressure gradient and holdup were obtained over
the entire range of flow rates for the various pipe
inclinations. The characterization of flow patterns
and identification of their boundaries was achieved
via observation of recorded movies and by analysis
of the relative deviation from the homogeneous be-
havior.8 The effect of upward and downward pipe
inclinations on the flow patterns, hold up and pres-
sure gradient during two-liquid phase flows for
mixtures velocities between 0.7 and 2.5 m s–1 and
phase fractions between 10 % and 90 % were ex-
perimentally investigated and performed in a 38
mm ID stainless steel test pipe with water and oil as
test fluids. High-speed video recording and local
impedance and conductivity probes were used to
precisely identify the different flow patterns.9 The
experiments of two-phase liquid flows at +50 incli-
nation from the horizontal for mixture velocities be-
tween 0.7 and 2.5 m s–1 and input oil fractions be-
tween 10 % and 90 % were studied. Dual continu-
ous flow prevailed, while the two-phase pressure
gradient was found to be lower than the sin-
gle-phase oil or water. Compared to horizontal
flow, water holdup was higher and frictional pres-
sure gradient was lower.10

However, while detailed studies of flow behav-
ior of two-phase liquid-liquid mixtures have just
begun, there is little reported literature on heat
transfer involving such mixtures. The heat transfer
studies in a spiral plate heat exchanger for wa-
ter-palm oil two-phase system was experimentally
studied and the two-phase heat transfer coefficients
were correlated with Reynolds number in the form

h = a Rem. Correlations were developed between
the two-phase multiplier and the Lockhart-Marti-
nelli parameter.11 The two-phase system of nitro-
benzene – water in spiral plate heat exchanger has
been experimentally studied. The two-phase heat
transfer coefficients were correlated with experi-
mentally measured Reynolds number, Prandtl num-
ber and composition, while the developed correla-
tions were validated against new experimental data.12

In this study, hot water was used as the hot
fluid, and immiscible two-phase mixtures of water
with diesel in different ratios and flow rates were
used as the cold fluid in a spiral plate heat
exchanger. Experimental runs with single-phase
fluids on the cold side were also carried out. The
heat transfer coefficients on the cold side were cor-
related with Reynolds number, in addition to the
development of a new correlation for Nusselt num-
ber.

Experimental

Experimental setup

The experimental setup consisted of spiral
plate heat exchanger, rotameters, pumps, control
valves, tanks and thermometer as shown in Fig. 1.
The specifications of heat exchanger are given in
Table 1. Spacing between two channels in the
exchanger was simply twice the plate thickness
given in Table 1.

The heating fluid used was water, heated in a
stainless steel vessel by direct steam injection and
agitated to maintain a uniform temperature. The
hot-water inlet pipe was connected at the center
core of the heat exchanger and the outlet pipe was
taken from the periphery of the heat exchanger. The
cold fluid was stored in a different stainless steel
tank. Weighed quantities of diesel and demineral-
ized water were charged into this tank to obtain the
experimental range of volume fractions. Agitation
in the tank was maintained by bubbling air. The
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T a b l e 1
– Dimensions of the spiral plate heat exchanger

Exchanger details Value

Flow length, m 10.926

Heat transfer area, m2 2.24

Plate spacing, m 0.205

Plate width, m 0.005

Plate thickness, m 0.00063

Material of construction SS316



cold fluid inlet pipe was connected to the periphery
of the heat exchanger and the outlet was taken from
the center of the heat exchanger. Two centrifugal
pumps were used for the circulation of the hot and
cold fluid streams. Flow rates were measured by
passing the fluids through rotameters. Thermome-
ters were used to measure the temperatures of the
inlet and outlet streams of the hot and cold fluids.

Experimental procedure

The inlet hot-water flow rate was kept constant
for each cold-side two-fluid composition and the in-
let cold two-phase fluid flow rate was varied using
a control valve. Control valves C1 and C2 were used
to vary the flow rates of hot water (for varying cold
fluid composition) and cold fluid respectively. The
pathway of heat exchange between hot water and
cold fluid is shown in Fig. 2. Thermometers t1 and

t2 were used to measure the inlet temperature of hot
and cold fluids and t3 and t4 were used to measure
the outlet temperature of hot and cold fluids, re-
spectively. For different cold two-phase flow rate,
all four temperatures were recorded after steady
state was reached. Experimental runs with pure liq-
uids in the cold side were also carried out.

Calculation methodology

The heat load was calculated using the expres-
sion

Q M Cp Th h h� ( ) .� (1)

This leads to the estimation of overall heat
transfer coefficient from the relation

U
Q

FA T lm

�
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.
�

(2)

Here, F denotes the temperature correction fac-
tor that accounts for differences arising from
non-countercurrent operation. Our calculations
show this factor to be very close to unity. Hence it
is dropped in all further equations. The hot fluid
side heat transfer coefficient (hh) was calculated us-
ing an appropriate correlation for spiral plate heat
exchangers in Perry et al.13
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where, Nu is the Nusselt number given by
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F i g . 1 – Schematic representation of the experimental apparatus

F i g . 2 – Pathway of heat exchange (Courtesy: Alfa Laval
India Ltd., Pune)
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In eq. 3, the term ( / ) .
 
 w
0 17 is the Sieder-Tate

correction factor to account for the evaluation of
the Reynolds and Prandtl numbers at bulk tempera-
ture rather than at local temperatures. This effect is
significant only when the temperature differences
are large. For the conditions in our experiments,
they are negligible and hence are not used.

The cold fluid side (two-phase side) heat trans-
fer coefficient (h2�) was estimated from the overall
heat transfer coefficient using

1 1 1

2U h

B

k hh ss

� � �
�

. (5)

The corresponding Nusselt number of the
two-phase cold fluid from eq. (5) (obtained from
experiments, denoted as Nuexperimental) was calculated
using

Nu h d keexperimental cold side� ( )( / ) .2� (6)

In developing predictive correlations for the
cold-side two-phase heat transfer coefficient, the ef-
fect of composition has to be accounted for. Using
weighted-average two-phase properties, dimen-
sional analysis indicates that there are four
dimensionless groups in the system. They are iden-
tified to be Nusselt number (Nu), Reynolds number
(Re), Prandtl number (Pr), and the volume fraction
(�). Therefore, the general form of the correlations
developed was

Nu a b c d
predicted � (Re) (Pr) ( ) ,� (7)

where, a, b, c and d are constants obtained from lin-
ear regression using Excel. Thermophysical proper-
ties of the pure substances were calculated based on
the correlations given in Yaws.14

The heat transfer coefficient so estimated is an
average property and does not separate out influ-
ences of curvature, fluctuations in composition and
other parameters.

Results and discussion

Single-phase results

The experimental results of single-phase stud-
ies are presented in the form of a plot between
Reynolds Number and h1� in Fig. 3. The relation
between Re and h1� was correlated along with
two-phase data (taking � = 1) by regression analy-
sis. The correlation in eq. (7) reduces to:

Nu � a(Re)b(Pr)c, (8)

with the constants as shown in Table 2. For pure
water, eq. (3) was used to predict h1�.

Two-phase results

Two-phase studies were carried out with differ-
ent volume fractions of diesel in water (20 %,
40 %, 60 % and 80 %). A sample set of experi-
mental runs is presented in Table 3. Fig. 4 re-
presents the two-phase heat transfer coefficients,
h2� as a function of Reynolds number, Re, for
various compositions. For two-phase systems,
Reynolds number is based on the weighted-average
thermophysical properties of the fluids at the re-
spective mean bulk temperatures. The obtained data
are fitted by regression to the correlation given in
eq. (7) and the values of a, b, c and d are given
in Table 2. Regression analysis yielded an R2 value
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T a b l e 2
– Correlation constants for two-phase systems

System a b c d

Water – diesel 9.80 · 10–7 1.993 1.404 –0.048

Pure diesel 9.80 · 10–7 1.993 1.404 –0.048*

Pure water 0.0315 0.8 0.25 0

*Though this exponent is non-zero, for pure diesel, the composition
� = 1. Thus, this exponent has no effect in the calculations.

F i g . 3 – Variation of heat transfer coefficient with Re for
single-phase system

F i g . 4 – Variation of heat transfer coefficient with Re for
water-diesel system



of 0.981, small standard errors, and indicated a nor-
mal distribution of residuals and random nature of
the residuals with respect to the fitted value. The re-

sult of statistical analysis for water-diesel is given
in Table 4, and presented in Fig. 5.
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T a b l e 3
– Experimental and predicted heat transfer characteristics – 60 % diesel + 40 % water

S.
No

Hot water
flow rate/
(m3 s–1)

· 104

Th1/
K

Th2/
K

Re of
hot water

hh/
W m–2 K–1 Q/W

Cold fluid
flow rate/
(m3 s–1)

· 104

TC1/
K

TC2/
K

Re of
cold
fluid

U/
W m–2 K–1

h2�/
W m–2 K–1

Nuexperimental Nupredicted

1 4.57 336 334 8913.24 4050.36 3757.12 0.503 304 334 761 162.22 168.99 4.742 4.808

2 4.57 336 333 8776.51 4016.72 5636.78 0.516 304 328 751 154.32 160.49 4.630 5.136

3 4.57 336 333 8776.51 4016.72 5636.78 0.513 304 330 756 172.38 180.11 5.150 5.051

4 4.57 336 332 8642.23 3983.45 7517.16 0.561 304 326 807 191.96 201.68 5.870 6.099

5 4.57 336 332 8642.23 3983.45 7517.16 0.578 304 326 831 191.96 201.68 5.870 6.462

6 4.57 336 331 8520.30 3953.87 9405.72 0.597 304 326 859 245.33 261.56 7.613 6.904

7 4.57 336 330 8402.00 3924.98 11297.79 0.688 304 323 971 268.92 288.70 8.530 9.244

8 4.57 336 328 8243.55 3853.47 15070.86 0.780 304 322 1095 362.64 400.31 11.882 11.910

9 4.57 336 326 8091.09 3788.12 18847.51 0.820 304 316 1111 400.97 448.44 13.725 13.461

10 4.57 336 326 8091.09 3788.12 18847.51 0.828 304 315 1116 391.42 436.53 13.424 13.771

11 4.57 336 325 8016.99 3753.85 20737.17 0.858 304 317 1169 463.27 528.49 16.088 14.665

12 4.57 336 323 7872.88 3688.70 24519.18 1.010 304 320 1401 627.03 755.44 22.662 20.099

13 4.57 336 322 7802.79 3657.79 26411.53 1.110 304 321 1549 716.58 891.16 26.591 24.173

14 4.57 336 321 7733.97 3625.07 28304.77 1.295 304 320 1796 766.06 971.32 29.138 32.973

F i g . 5 – Residual plots for water-diesel system



The developed correlation was tested against new
experimental data on the same systems. The calcu-
lated values of h2� based on these constants agreed
with the experimental data within an error of ± 12 %.
The ranges of Reynolds number and Prandtl number
for which the correlations are valid are given in Table 5.

Fig. 6 shows the comparison of the Nusselt num-
bers obtained from the experiments conducted with
those calculated from the developed correlations. The
predicted Nusselt numbers are within ± 12 % of the
experimental values. Observed discrepancies between
the measured data and calculated results may be due
to the uncertainties of the correlation, as well as the
averaging of properties. Further studies are needed to
develop better correlations for two-phase convective
transfer of polar systems, aromatics and highly vis-
cous liquids. In addition, these experimental and pre-
dictive data may be used to develop sophisticated
models and experiments examining the flow and tem-
perature profiles in the exchanger.

Conclusions

Preliminary studies were initiated on heat
transfer in liquid-liquid two-phase mixtures of wa-
ter-diesel in the cold side of a spiral plate heat
exchanger. Based on the inlet and outlet tempera-
tures and flow rates of the hot and cold streams,
heat transfer coefficients were estimated and new
correlations for liquid-liquid two-phase heat trans-
fer were developed, as an additional function of
composition of the mixture. As expected, the heat
transfer coefficients were poorer in mixtures with
more organic fluid. Regression analysis was per-
formed and it is seen that the correlations faithfully
reproduce the variations observed in the experi-
ments. The developed correlation predicts the ex-
perimental heat transfer behavior within ± 12 %.
Experimental determination of two-phase heat
transfer coefficients and development of predictive
correlations are the first step towards initiating de-
tailed studies on various aspects of liquid-liquid
two-phase momentum and heat transfer, leading to
better design capabilities for compact heat ex-
changers handling liquid-liquid two-phase mix-
tures.
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L i s t o f s y m b o l s

A � area of heat transfer, m2

Cph � specific heat, J kg–1 K–1

de � equivalent diameter of the flow channel, m

F � temperature correction factor

hh � heat transfer coefficient, W m–2 K–1

h1� � heat transfer coefficient, W m–2 K–1

h2� � heat transfer coefficient, W m–2 K–1

kh � thermal conductivity, W m–1 K–1

kss � thermal conductivity of the wall, W m–1 K–1

Mh � mass flow rate, kg s–1

Nu � Nusselt number

Pr � Prandtl number

Q � heat transferred, W

Re � Reynolds number

B � wall thickness of the spiral plate, m

U � overall heat transfer coefficient, W m–2 K–1

v � velocity of fluid flow, m s–1

� � volume fraction of the organic component in the
liquid-liquid two-phase mixture
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T a b l e 4
– Statistical analysis of regression in water-diesel

system

S.No Coefficients P-value R2 S n �

1 a 1.88 · 10–23 0.981 0.0969 34 0.565

2 b 1.50 · 10–25 – – – –

3 c 1.99 · 10–7 – – – –

4 d 0.142127 – – – –

(S: standard error; n: number of observations; �: standard deviation)

T a b l e 5
– Ranges of Re and Pr

System Re Pr

Water 826 < Re < 2135 4.68 < Pr < 5.64

Water – diesel 658 < Re < 2098 4.65 < Pr < 6.54

F i g . 6 – Comparison of Nuexperimental with Nupredicted for wa-
ter-diesel system



G r e e k s y m b o l s

(�T)h� temperature drop of hot fluid, K

(�T)lm� logarithmic mean temperature difference be-
tween hot and cold fluid, K


 � viscosity of fluid, kg m–1 s–1


w � viscosity of fluid at wall temperature, kg m–1 s–1

� � density of fluid, kg m–3

� � phase of liquid based on single and two-phase

S u b s c r i p t s

h � hot fluid side

1� � single phase fluid

2� � two-phase fluid
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