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The recuperative heat exchanger governs the overall performance of the mixed refrigerant Joule–Thom-
son cryocooler. In these heat exchangers, the non-azeotropic refrigerant mixture of nitrogen–hydrocar-
bons undergoes boiling and condensation simultaneously at cryogenic temperature. Hence, the design
of such heat exchanger is crucial. However, due to lack of empirical correlations to predict two-phase
heat transfer coefficients of multi-component mixtures at low temperature, the design of such heat
exchanger is difficult.

The present study aims to assess the existing methods for prediction of flow boiling heat transfer coef-
ficients. Many correlations are evaluated against available experimental data of flow boiling of refrigerant
mixtures. Silver-Bell-Ghaly correlation and Granryd correlation are found to be more suitable to estimate
local heat transfer coefficients. A modified Granryd correlation is recommended for further use.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Joule–Thomson cryocooler (J–T) consists of compressor, an
after-cooler, recuperative heat exchanger, an expansion device
and an evaporator. The performance of these cryocoolers can be
enhanced by using a mixture of nitrogen–hydrocarbons. Usually,
a mixture of gases, such as methane, ethane, propane, iso-butane
along with nitrogen or neon as a base component is used to form
a non-azeotropic mixture. Use of refrigerant mixture enlarges the
vapour dome as compared to the vapour dome of pure substance
such as nitrogen. Therefore, the refrigerant mixture at high pres-
sure gets condensed, while the return line low pressure stream
from the evaporator gets evaporated in the heat exchanger. It in-
creases the effectiveness of the heat exchanger, which governs
the performance of the cryocooler.

There are many research articles related to mixed refrigerant
Joule–Thomson (MR J–T) cryocoolers [1–4]; however, these de-
scribe mainly the use of flammable/non-flammable mixtures, opti-
mization of mixture composition, and overall performance of the
cryocooler. Little work [5–7] has been reported about the design
of the heat exchanger for MR J–T cryocooler which is usually a mul-
ti tubes-in-tube helical coil heat exchanger. This is mainly due to
lack of experimental data of forced convective boiling and conden-
sation of multi-component mixtures in cryogenic temperature
range. Recently, Nellis et al. [8] obtained experimental data of heat
transfer coefficients for mixed refrigerants used in the cryocooler
at various operating conditions. This is probably the only reported
study on the flow boiling of nitrogen–hydrocarbons multi-compo-
nent mixtures at cryogenic temperature.

Substantial work has been reported related to boiling of binary
mixtures. Even a few studies related to boiling of ternary mixtures
have also been compiled in recent review articles by Celata et al.
[9] and Cheng and Mewes [10]. However, there is no generalized
heat transfer correlation available in the open literature. The
empirical or semi-empirical correlations available in the literature
are mainly developed for the CFC, HCFC refrigerant mixtures and
are useful for temperature close to ambient. The temperature glide
for these mixtures is usually less than 10 K and variation in the
thermo-physical properties is not significant compared to nitro-
gen–hydrocarbon mixtures used in the MR J–T cryocooler. The
temperature glide, in case of nitrogen–hydrocarbon mixtures, is
usually, more than 100 K. However, these studies on the mixtures,
reported in the literature, give basic understanding of the heat
transfer phenomenon in the mixtures. In the present work, an at-
tempt is made to apply and assess the existing empirical correla-
tions to predict the heat transfer coefficients for mixed
refrigerants used in the J–T cryocooler. Thus, the objective of this
work is to carry out a detailed study on the applicability of the
existing correlations for such mixtures at cryogenic temperature
and comparison against the available experimental data.
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Nomenclature

AAD average absolute deviation
Bo boiling number, dimensionless
Bo an empirical scaling factor in Thome and Shakir equa-

tion [12]
Cp specific heat, J/kg K
Clg correction factor in Eq. (20), dimensionless
Cpw apparent local specific heat, J/kg K
D diameter, m
Eo forced convection enhancement parameter
Fc mixture correction factor, dimensionless
f friction factor, dimensionless
G mass flux, kg/m2 s
g acceleration due to gravity, m/s2

h heat transfer coefficient, W/m2 K
hlv differential latent heat of vaporization, J/kg
i enthalpy, J/kg
K heat transfer reduction factor in Eq. (1), dimensionless
M molecular weight, kg/kmol
n components
P pressure, kPa
pr reduced pressure, dimensionless
Pr Prandtl number, dimensionless
q heat flux, W/m2

Re Reynolds number, dimensionless
S forced convection suppression parameter
T temperature, K
Tb bubble point temperature, K
Td dew point temperature, K
x quality

X Martinelli parameter

Greek symbols
DT wall superheat, K
DTg temperature glide, K
DTs wall superheat for individual components, K
b liquid mass transfer coefficient, m/s
k thermal conductivity, W/mK
l dynamic viscosity, Ns/m2

q mass density, kg/m3

r surface Tension, N/m
x̂ mole fraction of component

Subscripts
c convective
dew dew point
exp experimental
g gas
i component – i
id ideal
l liquid
lo liquid only
m mixture
npb nucleate pool boiling
tp two-phase
tt turbulent–turbulent
v vapour
vt laminar-turbulent
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2. Background

2.1. Study of heat transfer mechanism of mixtures

Numerous studies have been reported in the literature [11–17]
regarding prediction of the nucleate pool boiling heat transfer
coefficients of binary mixtures. The heat transfer mechanism for
nucleate boiling of mixtures is different than that for pure sub-
stance. In case of mixtures, the saturation temperature increases
during boiling due to boiling-off of low boiling component pro-
gressively. Additionally, there is a mass transfer effect at the li-
quid–vapour interface due to concentration difference between
liquid and vapour. The low boiling point component evaporates
preferentially in the mixture, which results in change in the com-
position of the mixture in the liquid and the vapour phases. The
vapour phase gets enriched with low boiling point component,
while the liquid phase gets depleted in low boiling point compo-
nent. It is known from the literature [11–16] that the heat trans-
fer coefficients for boiling of mixtures are substantially lower
than those for the pure components due to simultaneous heat
and mass transfer effects. This degradation in heat transfer coef-
ficient is severe if the difference in composition of liquid and va-
pour is more or difference in dew point and bubble point
temperatures (temperature glide) is more. The deterioration in
boiling heat transfer coefficient increases with the increase in
heat flux. Moreover, the decrease in heat transfer with the differ-
ence in concentration is more at high pressures than at low pres-
sures [17]. It means that the multi-component mixtures with
higher temperature glide (more than 100 K), such as nitrogen–
hydrocarbons, have more reduction in heat transfer coefficients.
The wide boiling range of multi-component mixture also causes
significant variation in thermo-physical properties.
2.2. Empirical methods for nucleate boiling of mixtures

Many heat transfer correlations are proposed for nucleate boil-
ing of mixtures. These are functions of either temperature glide or
concentration difference, i.e. difference of the mass fraction in li-
quid and vapour phase. The correlations, expressed in terms of
concentration difference, need the knowledge of vapour–liquid
equilibrium data. This makes it difficult to apply them for multi-
component mixtures. Therefore, in the present case of multi-com-
ponent mixtures, correlations expressed in terms of temperature
glide only are considered to evaluate heat transfer coefficients.

These correlations for mixtures are usually expressed in terms
of the ideal heat transfer coefficient, hid, defined using an ideal wall
superheat, DTid, along with the reduction factor towards mixture
effect as given in Eq. (1).

h
hid
¼ 1

1þ K
ð1Þ

where K is heat transfer reduction factor. The ideal heat transfer
coefficient, hid, is the heat transfer coefficient without any mass
transfer effects. The nucleate pool boiling correlations, which in-
clude only temperature glide parameter, are listed in Table 1. Three
different approaches have been suggested in the literature to calcu-
late ideal nucleate boiling heat transfer coefficient for mixture [18].

In the simple approach, hid, is defined as mole fraction weighted
average of single component nucleate boiling heat transfer coeffi-
cients for the pure components at the same pressure and heat flux.

In the second approach, it is defined as an average ideal heat
transfer coefficient based on a mole fraction weighted average of
the wall superheats for the pure component fluids at the specified
heat flux and at the same system pressure or temperature. For



Table 1
Existing nucleate pool boiling correlations for mixtures.

Author(s) Correlation

Thome [11] K ¼ DTg

DTid

Thome and Shakir [12] K ¼ DTg

DTid
1� expð �Boq

bqlhlv
Þ

h i
Bo = 1, b = 3.0 � 10�4 m/s

Fujita and Tsutsui [13] K ¼ DTg

DTid
1� 0:8 exp �q

105

� �h i
Fujita and Tsutsui [14]

K ¼ DTg

DTid
1� exp �60q

qv hlv

q2
v

rgðql�qv Þ

� �1=4
� 	� �

Inoue et al. [15] K ¼ DTg
DTid

1� 0:75 exp �0:75q
105

� �h i
Sun et al. [16] K ¼ DTg

DTid
1� 0:85 exp �q

3�105

� �h i
ðP=105Þ�0:01
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multi-component mixtures with ‘n’ components, an ideal wall
superheat, DTid, is determined using molar interpolation of the
wall superheats for mixture components as given in Eq. (2).

DTid ¼
Xn

i¼1

x̂iDTs;i ð2Þ

The ideal heat transfer coefficient, hid, is given as

hid ¼
q

DTid
¼ 1Xn

i¼1

ðx̂i=hiÞ
ð3Þ

In the third approach, the ideal heat transfer coefficient is pre-
dicted by using any existing empirical nucleate boiling correlation
for pure component with properties of the mixture. In the present
work, this approach of evaluating nucleate boiling heat transfer
coefficients for the multi-component mixture is preferred.

2.3. Flow boiling heat transfer coefficient of mixture

In comparison to the nucleate pool boiling heat transfer, there
are few studies on evaluation of forced convective boiling heat
transfer coefficients for mixtures. The empirical methods devel-
oped are mainly available for binary mixtures of refrigerants or
common fluids boiling near room temperature. The commonly
used empirical correlations for the forced convective boiling of
mixtures are due to Bennett and Chen [19], Jung et al. [20], and
Kandlikar [21]. Jung et al. [20] developed a flow boiling correlation
for horizontal tubes for the binary mixtures of R22/R114 and R12/
R152a. These predictive methods developed for mixtures are
mostly based on the correlations used for pure components with
certain modifications to account for the presence of a mixture.
However, mostly these correlations are fluid specific and are appli-
cable to limited operating conditions.

Chen correlation [18] is based upon the assumption that there
are two active heat transfer mechanisms: nucleate boiling and con-
vection. The nucleate boiling contribution is calculated using the
Forster and Zuber correlation [18]. The convective component is
determined using the Dittus–Boelter equation together with an
enhancement factor F. Gungor and Winterton [22] developed a cor-
relation for pure fluids, the form of which is similar to Chen corre-
lation. The two-phase heat transfer coefficient, htp, for single
component fluid is expressed as given in Eq. (4).

htp ¼ Eohl þ Shnpb ð4Þ

where hl is the heat transfer coefficient for the liquid phase flowing
alone, hnpb is pool boiling heat transfer coefficient, Eo is forced con-
vection enhancement parameter, S is the forced convection sup-
pression parameterand

hl ¼ 0:023
kl

D
Re0:8

l Pr0:4
l ð5Þ
Eo ¼ 1þ 24000Bo1:16 þ 1:37
1

Xtt

� �0:86

ð6Þ

S ¼ ð1þ 1:15� 10�6E2
oRe1:17

l Þ
�1

ð7Þ

Gungor and Winterton [22] used Cooper (1984) correlation for
the pool boiling heat transfer coefficient as given in Eq. (8).

hnpb ¼ 55p0:12
r ð�log10prÞ

�0:55M�0:5q0:67 ð8Þ

Later, Gungor and Winterton [23] modified their correlation
which is given as,

htp ¼ Enew � hlo ð9Þ

where hlo is liquid only heat transfer coefficient and their new two-
phase convection multiplier, Enew is given in Eq. (10).

Enew ¼ 1þ 3000 � Bo0:86 þ 1:12
x

1� x

� �0:75 ql

qv

� �0:41

ð10Þ

Thome and Shakir [12] proposed a method to account for mix-
ture effect in predicting the heat transfer coefficient for forced con-
vective boiling of mixture using pure component correlations. They
suggested inclusion of a correction factor to account for mixture ef-
fect similar to the one used in nucleate pool boiling. Eq. (1) can be
set as the correction factor, where the parameter, K, is calculated
by any of the correlations given in Table 1. However, the ideal heat
transfer coefficient, hid, in Eq. (1), is calculated for flow boiling of
the mixture. It should be determined by appropriate pure compo-
nent flow boiling correlation utilizing the local mixture properties.
The mixture correction factor, Fc, can be defined as

Fc ¼
hm

hid
ð11Þ

In order to predict flow boiling heat transfer coefficient for mix-
tures, any existing empirical correlation available for forced con-
vective boiling of pure component can be modified using the
correction factor, Fc. The Gungor–Winterton correlation (1987),
i.e. Eq. (10), is modified as suggested by Thome [11] so that the
parameter, Enew, includes the mixture correction factor applied to
the boiling number as follows:

Enew ¼ 1þ 3000 � ðBo � FcÞ0:86 þ 1:12
x

1� x

� �0:75 ql

qv

� �0:41

ð12Þ

Granryd [24] developed a correlation for convective boiling of
non-azeotropic mixtures based on theoretical approach to two-
phase heat transfer in evaporation in case of annular flow. It is
based on the assumption that gas phase resistance is similar to that
in Silver [25] and Bell-Ghaly [26] method. Granryd [24] tested the
derived correlation for the experimental data of the mixtures, such
as R22-R114 and R12-R152a from the literature. The local heat
transfer coefficient (hm) in an evaporator with non-azeotropic
refrigerant mixture is suggested by Granryd [24] to be estimated
by Eqs. (13) and (14).

hm

hlo
¼ f ðXttÞ ð13Þ

hm

hlo
¼ Fp

ð1þ AÞ ¼ Fm ð14Þ

where hlo is the liquid only heat transfer coefficient estimated from
the relations for pure fluids (conventional Dittus-Boelter equation)
with properties of the mixture.

hlo ¼ 0:023
kl

D

� �
ð1� xÞGD

l

� �0:8

Pr0:4
l ð15Þ
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Prl is the Liquid Prandtl number, Prl ¼ llCpl
kl

, G is the mass velocity,
kg/m2s.The parameter, Fp, is determined for flow boiling of pure
refrigerants as given in Eq. (16).

Fp ¼ 2:37 0:29þ 1
Xtt

� �0:85

ð16Þ

The Martinelli parameter, X is used for the two-phase effect on
convection. For laminar-liquid and turbulent-vapour flow, the
Martinelli parameter, Xvt, is

Xvt ¼
flRe0:25

v
0:079

 !0:5
1� x

x

� �
qv
ql

� �0:5

ð17Þ

Rev ¼
GxD
lv

ð18Þ

For laminar flow (Rel < 2000) liquid friction factor, fl is given as

fl ¼
16
Rel

where; Rel ¼
Gð1� xÞD

ll

For turbulent-liquid and turbulent-vapour flow, Martinelli
parameter, Xtt, is

Xtt ¼
1� x

x

� �0:9 qv
ql

� �0:5 ll

lv

� �0:1

ð19Þ

A ¼ Fp

Clg

� �
x2 1� x

x

� �
lv
ll

� �� �0:8 Prl

Prv

� �0:4 kl

kv

� �
Cpv

Cpw

� �
ð20Þ

where Clg is a enhancement factor to take into account the interface
effects between gas and liquid. Granryd recommended the
enhancement factor, Clg = 2 for evaporation of refrigerants. Cpw is
an ‘apparent local specific heat’ for the non-azeotropic mixture in
the two-phase region at quality x, defined as

Cpw ¼
@i
@T

� �
p

where; i is enthalpy:

The method of Silver [25] and Bell-Ghaly [26] primarily devel-
oped in relation to condensation of multi-component mixtures
can be applied to convective boiling of mixtures [27]. In forced con-
vective boiling of mixtures, there is a concentration difference be-
tween vapour–liquid interface and bulk vapour, which is analogous
to that in condensation of mixtures. The interfacial concentration
difference leads to mass transfer resistance for evaporating fluid
into bulk vapour. The heat transfer coefficient for the boiling/
condensation of non-azeotropic refrigerant mixture is given by
Eq. (21).

1
hm
¼ 1

hc
þ Zg

hg
ð21Þ

where hc is convective heat transfer coefficient for mixture calcu-
lated using correlations for pure component with properties of
the mixture. The vapour heat transfer coefficient, hg is calculated
by Dittus-Boelter equation as given in Eq. (22).

hg ¼ 0:023
kg

D

� �
Re0:8

g Pr0:4
g ð22Þ

The parameter Zg, in Eq. (21), is the ratio of the sensible cooling
of the vapor to the total cooling rate, which can be written as

Zg ¼ x � Cpv �
dTdew

di
ð23Þ

where dTdew
di is slope of the dew point temperature curve with respect

to the enthalpy of the mixture as it condenses/evaporates.
3. Experimentation

Nellis et al. [8] described an experimental test facility and pro-
cedure used for the measurement of horizontal, flow boiling heat
transfer coefficient for nitrogen-hydrocarbon mixtures. They con-
sidered a test section length of 27 mm with an inner diameter of
the tube being 0.835 mm. Experiments were conducted over a
range of mixture compositions, temperatures, mass flow rates,
and pressures. The mixture compositions and experimental test
conditions are given in Table 2 [8]. The mixtures for Runs A and
B contain four components, i.e. nitrogen, methane, ethane and pro-
pane. However, all other Runs C, D, E and F have mixtures of five
components with addition of iso-butane to the above mentioned
four components. It may be seen from Table 2 that the molar com-
position of nitrogen in the mixtures for Runs C and D is less than
that for other runs. The operating pressure for Runs A, B and C is
higher than that for Runs D, E, and F. Using these experimental data
[8], the heat transfer coefficients are calculated using available cor-
relations and are compared with the experimental values in the
present work.
4. Results and discussion

4.1. Assessment of existing empirical correlations

Several correlations are available in the literature to predict
heat transfer coefficients for pure components. In order to predict
heat transfer coefficients for the mixture of multi-component
gases, single component correlations are tested using properties
of mixture. This is a straightforward way to apply available empir-
ical correlation to multi-component mixture. For this purpose,
Chen correlation and Gungor–Winterton correlations are used.
All the thermodynamic and the transport properties of the mix-
tures are determined using Peng-Robinson equation of state [28]
in ASPEN [29].

Fig. 1 shows comparison of heat transfer coefficients obtained
using the Chen correlation and the two correlations of Gungor
and Winterton with the experimental values for Run E. The heat
transfer coefficients are plotted with respect to saturation temper-
ature of the mixture which is indicative of quality of the mixture
too. It can be noted from Fig. 1 that none of the available correla-
tions predict heat transfer coefficients anywhere close to experi-
mental data. It is observed from Fig. 1 that the Chen correlation
and Gungor-Winterton (1987) correlation give steady increase in
heat transfer coefficient up to a temperature of 240 K. Even the
predicted trends obtained using these correlations do not match
with the experimental data. However, predictions given by Gungor
and Winterton (1987) are in better agreement in comparison to the
Chen correlation, particularly in the high quality region of convec-
tion i.e. in the temperature range of 160–240 K. On the other hand,
predictions given by Gungor and Winterton (1986) correlation [22]
follow the trend shown by experimental data although the predic-
tions are on higher side as compared to experimental values. One
of the reasons for such deviations could be application of pure
component correlations to the mixture of gases.
4.2. Modifications in correlations

The available empirical correlations which take into account the
correction factors towards the mixture effect can be modified suit-
ably for calculation of two-phase heat transfer coefficients for the
multi-component mixtures of nitrogen–hydrocarbons. The modifi-
cations in the existing empirical correlations for flow boiling of
mixtures are carried out in such a way that the predicted results
match the experimental data.



Table 2
Mixture compositions and test conditions [8].

Run Mixture composition N2/CH4/C2H6/C3H8/iC4H10 Mass flow rate (g/s) Mass flux, G (kg/m2 s) Heat flux (kW/m2) Pressure (kPa)

Run A 23.3/37.0/6.8/32.9/0 0.46 840.5 79.5 1365
Run B 20.4/38.3/5.4/35.8/0 0.44 803.9 79.4 1439
Run C 7.4/49.4/18.4/17.8/7.0 0.42 767.4 82.7 1424
Run D 6.9/50.9/19.1/16.8/6.4 0.29 529.9 83.4 394
Run E 26.0/38.7/5.4/26.1/3.8 0.30 547.8 82.9 470
Run F 24.1/40.1/5.7/26.3/4.0 0.14 255.8 82.9 434
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Three different approaches have been identified in the present
work to calculate heat transfer coefficients. In the first approach,
Gungor–Winterton (1987) correlation [23], as given in Eq. (10),
along with correction suggested by Thome [11] is used. The correc-
tion takes mixture effect into account. For this, Gungor–Winterton
correlation for pure component is selected to evaluate the ideal
heat transfer coefficients.
Run 
N2/CH4/C2H
23.3/37.0/
G = 840.46
q = 79.5 K

P = 136

Fig. 2. Heat transfer coe

N2/CH4/C2H6/C3H8/iC4H10, -26/38.7/5.4/2
G = 547.8 kg/m2s,P= 470 kPa, q = 82.9 

Fig. 1. Heat transfer coefficients for Run E pred
In the second approach, the flow boiling heat transfer coeffi-
cients are predicted using Silver-Bell-Ghaly (SBG) [25] method. In
this method, convective heat transfer coefficient, hc, is calculated
using pure component correlation. For this purpose, Gungor–Win-
terton correlation [23] is modified as given in Eq. (24) using a cor-
rection factor. The correction factor for mixture effect is obtained
using Thome and Shakir correlation [12] as given in Table 1.
- A
6/C3H8 -

6.8/32.9
 kg/m2s
W/m2

5 kPa

fficients for Run A.

6.1/3.8,
KW/m2

icted using single component correlations.
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Enew ¼ 1þ 3000 � ðBo � FcÞ0:86 þ 1:12
x

1� x

� �0:85 ql

qv

� �0:7

ð24Þ

In the third approach, Granryd correlation [24] is modified for
its use to predict heat transfer coefficients of boiling nitrogen-
hydrocarbon mixtures. The enhancement factor, Clg in the Granryd
correlation is modified depending on the mass flow rate of the
refrigerant mixture. In the present work, different values of the
enhancement factor are tried to study the applicability of the pres-
ent form of Granryd correlation for the mixtures of nitrogen–
hydrocarbons. The reduced enhancement factor (Clg < 2) leads to
better fit of the experimental data, particularly for the mixtures
boiling with higher mass velocity.

Figs. 2–7 show the comparison of the predicted heat transfer
coefficients using above three approaches with the experimental
data for Run A, B, C, D, E and F respectively. It may be emphatically
stated that the predictions based on modified correlations are clo-
ser to the experimental results. It is observed from these figures
that the heat transfer coefficients obtained using Silver-Bell-Ghaly
R
N2/CH4/C

7.4/49.
G = 7
q = 8

P =

Experimental [8]

Gungor-Winterton correlation

Silver-Bell-Ghaly method

Granryd correlation

Fig. 4. Heat transfer coe

Run
N2/CH4/C
20.4/38.3
G = 803.9
q = 79.4

P = 14

Fig. 3. Heat transfer coe
method and modified Granryd correlation show a better match
with the experimental values as compared to that using modified
Gungor–Winterton correlation.

The local values of heat transfer coefficients strongly depend on
composition of the mixture in addition to process parameters such
as mass flow rate and pressure of the mixture. It is noted from the
experimental data for Run A, B, E and F that the variation in heat
transfer coefficients is a characteristic M-shape variation, while it
is not observed in the case of Run C and D. This is mainly due to
composition of the various gases in the mixtures used. The molar
percentage of middle boiling point component i.e. ethane, in the
overall composition of the mixtures for Run A, B, E and F is lower
as compared to that for Run C and D, as shown in Table 2. The
trends in variation of heat transfer coefficients predicted using Sil-
ver-Bell-Ghaly method and modified Granryd correlations are sim-
ilar to those of the experimental values for all the runs. On the
contrary, modified Gungor–Winterton correlation does not follow
the specific variation found in the measured heat transfer coeffi-
cients with respect to temperatures. It is evident from Figs. 2 to
un - C
2H6/C3H8/iC4H10 -
4/18.4/17.8/7.0
67.37 kg/m2s
2.7 KW/m2

 1424 kPa

fficients for Run C.

 - B
2H6/C3H8 -
/5.4/35.8
1 kg/m2s
 KW/m2

39 kPa

fficients for Run B.



 Run - D
N2/CH4/C2H6/C3H8/iC4H10 -

6.9/50.9/19.1/16.8/6.4
G = 529.85 kg/m2s
q = 83.4 KW/m2

P = 394 kPa

Fig. 5. Heat transfer coefficients for Run D.

Run - E
N2/CH4/C2H6/C3H8/iC4H10, -

26/38.7/5.4/26.1/3.8,
G = 547.8 kg/m2s,

P= 470 kPa
q = 82.9 KW/m2

Fig. 6. Heat transfer coefficients for Run E.
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7 that modified Gungor–Winterton correlation shows steady in-
crease in the heat transfer coefficients with increase in quality.

The average absolute deviations (AAD) are obtained for the pre-
dicted results in order to understand applicability of the correla-
tions. The AAD is obtained by calculating the normalized
percentage difference between the experimental heat transfer
coefficient values and the predicted values using different empiri-
cal methods according to Eq. (25).

AAD ¼ 1
N

X jhexp � hpredictedj
hexp

ð25Þ

The AAD for all the correlations tested is compared in Table 3.
The AAD of the heat transfer coefficients predicted using Silver-
Bell-Ghaly method for Run A, is 24.37%, which is lower than that
of modified Gungor–Winterton correlation. AAD for modified
Granryd correlation (Clg = 1.4) is also compared with that for origi-
nal Granryd correlation (Clg = 2) in Table 3. It is found that the re-
duced value of the constant (Clg = 1.4) in the Granryd equation,
improves prediction of heat transfer coefficients as compared to
that predicted using Clg = 2 for all the runs excluding Run F.
From Table 2, it can be observed that Run A through E have sig-
nificantly higher mass flux compared to Run F. For these high mass
flux runs (A–E), value of Clg = 1.4 leads to a reasonable prediction of
heat transfer coefficients. However, for Run F, with a significant
lower mass flux (nearly 50% lower than mass flux value for Run
E), use of Clg = 1.4 results in increase in deviation between pre-
dicted and experimental values of heat transfer coefficients. There-
fore, for Run F (or in general for mixtures with lower mass flux)
value of Clg can be taken as 2. Since experimental data is available
only for these six runs, for mixtures with different compositions,
operating pressure and mass flux, it would be inappropriate to
make a definitive statement on the predictability of the correlation.
This analysis is a step in the direction of providing a detailed
understanding of correlation use for multi-component mixtures.
A more complete experimental data set with varying conditions
for same composition is required to understand behaviour of each
parameter on heat transfer coefficient values.

It is also clear from Table 3 that the Silver-Bell-Ghaly method
and modified Granryd correlation predict heat transfer coefficients
more accurately. The maximum AAD for modified Granryd correla-



Run - F
N2/CH4/C2H6/C3H8/iC4H10 -

24.1/40.1/5.7/26.3/4.0
G = 255.79 kg/m2s
q = 82.9 KW/m2

P = 434 kPa

Fig. 7. Heat transfer coefficients for Run F.

Table 5
The modified empirical correlations for mixtures.

Author(s) Correlations

Modified
Gungor–Winterton

hm ¼ Enew � hlo

Enew ¼ 1þ 3000 � ðBo � FcÞ0:86 þ 1:12 x
1�x


 �0:75 ql
qv

� �0:41

h
hid
¼ 1

1þK

K ¼ DTg

DTid
1� exp �Bo q

bqlhlv

� �h i
Silver-Bell Ghaly

method
1

hm
¼ 1

hc
þ Zg

hg

hc ¼ Enewhlo

Enew ¼ 1þ 3000 � ðBo � FcÞ0:86 þ 1:12 x
1�x


 �0:85 ql
qv

� �0:7

Modified Granryd hm
hlo
¼ Fp

ð1þAÞ ¼ Fm

Fp ¼ 2:37 0:29þ 1
Xtt

� �0:85

A ¼ Fp

Clg

� �
x2 1�x

x


 � lv
ll

� �h i0:8 Prl
Prv

� �0:4
kl
kv

� �
Cpv
Cpw

� �
Clg = 1.4 if G > 500 kg/m2 s
Clg = 2 if G < 300 kg/m2 s

Table 3
Average absolute deviation.

Run Average absolute deviation (AAD) (%)

Modified
Gungor–Winterton

Silver-Bell
Ghaly

Granryd
(Clg = 2.0)

Modified Granryd
correlation (Clg = 1.4)

Run A 29.52 24.37 29.40 23.40
Run B 28.98 27.45 31.23 25.78
Run C 29.14 17.56 29.44 20.47
Run D 23.38 8.61 18.80 12.95
Run E 31.93 23.24 23.77 21.83
Run F 21.04 26.22 20.87 24.52
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tion observed to be 25.78% for Run B, whereas it gives minimum
deviations of 12.95% for Run D. However, the Silver-Bell-Ghaly
method predicts the heat transfer coefficients with the maximum
AAD of 27.45% for Run B and with the minimum AAD of 8.6% only,
for Run D. The AAD for modified Gungor–Winterton correlation is
more as compared to other correlations, for all the experimental
data except for Run F.

The temperature glides for the various mixtures are given in
Table 4. It is found that the temperature glide is lowest, i.e.
131.8 K for the mixture of Run D, whereas it is highest, i.e. 156 K
for the mixture of Run B. The mixture effect is predominant for
the mixtures with higher temperature glides. Therefore, the
deviation of the predicted heat transfer coefficients is more for
the mixture having higher temperature glide and it is minimum
for the mixture with low temperature glide.

It is also noted that the predictions based on the above correla-
tions are more accurate particularly for quality in the range of
0.1–0.75. For example, in the case of Run A, AAD for modified
Table 4
Temperature glide for mixtures.

Run Bubble point
temperature, Tb (K)

Dew point
temperature, Td (K)

Temperature glide,
DTg (K)

A 113.596 268.37 154.774
B 116.463 272.469 156.006
C 141.894 276.405 134.511
D 110.506 242.32 131.814
E 94.51 245.196 150.686
F 94.02 243.88 149.86
Gungor–Winterton and modified Granryd correlation for quality
in the range of 0.1–0.75 are 12.5% and 8.44% respectively, while
AAD for Silver-Bell-Ghaly method is 7.96% only. The saturation
temperature corresponding to quality 0.1 is 121 K, while it is
255 K corresponding to 0.75. However, these correlations over pre-
dict the experimental data in the region of quality higher than 0.75.

Overall, the results of the Silver-Bell-Ghaly method and modi-
fied Granryd correlations are in good agreement with the experi-
mental data for all the runs, A–F. Therefore, these empirical
methods with suggested modifications can be used for prediction
of flow boiling heat transfer coefficients of multi-component
mixtures. The modified forms of these empirical correlations are
summarized in Table 5. The knowledge of heat transfer coefficients
will be very useful to design the heat exchanger for mixed refriger-
ant J–T cryocooler.
5. Conclusions

The existing correlations are assessed to predict the flow boiling
heat transfer coefficients of multi-component non-azeotropic
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refrigerant mixtures of nitrogen and hydrocarbons. The predicted
values of heat transfer coefficients are compared with the available
experimental data from the literature. The modifications in the
existing correlations are suggested to make them suitable to esti-
mate the local heat transfer coefficient. Following conclusions are
drawn from the present study.

1. The existing flow boiling correlations of pure substance are not
suitable for the non-azeotropic mixtures of nitrogen–
hydrocarbons.

2. The modified Granryd correlation and Silver-Bell-Ghaly method
can be used to predict the local heat transfer coefficients of boil-
ing refrigerants mixtures used in MR J-T cryocooler. The maxi-
mum average absolute deviation for Silver-Bell-Ghaly method
found to be 27.4% whereas it is 25.8% for modified Granryd
correlation.

3. The average deviation for the suggested correlations is found to
be more for the mixtures having higher temperature glide.
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