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A model based on finite volume analysis is presented here for multistream plate fin heat exchangers for
cryogenic applications. The heat exchanger core is discretised in both the axial and transverse directions.
The model accounts for effects of secondary parameters like axial heat conduction through the heat
exchanger metal matrix, parasitic heat in-leak from surroundings, and effects of variable fluid proper-
ties/metal matrix conductivity. Since the fins are discretised in the transverse direction, the use of a
fin efficiency is eliminated and the effects of transverse heat conduction/stacking pattern can be taken
care of. The model is validated against results obtained using commercially available software and a good
agreement is observed. Results from the developed code are discussed for sample heat exchangers.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Plate fin heat exchangers (PFHE) having very high effectiveness
(>0.95) are employed in modern helium liquefaction/refrigeration
systems. A strong dependence of the helium liquefier performance
on the effectiveness of heat exchangers is shown by Atrey [1]. High
effectiveness, low pressure drop, compactness and design flexibil-
ity are key features of a PFHE. The performance of a PFHE, such as
those employed in helium refrigeration/liquefaction systems, de-
pends on various secondary parameters apart from basic fluid film
resistances. These secondary parameters include axial heat con-
duction (AHC) through the heat exchanger metal matrix, parasitic
heat in-leak from surroundings, variation in fluid/metal properties
and flow mal-distribution. Heat exchangers have traditionally been
designed and rated with lumped parameter models i.e. the loga-
rithmic mean temperature difference (LMTD) method, the effec-
tiveness-number of transfer units (e-NTU) method, and so on.
Treatment on these methods is available in standard text books
[2–4]. These models, which represent heat exchanger basic design
theory, are based on the integration of differential energy balance
equations of two single phase streams under the assumptions of
steady state, no heat transfer from surroundings, negligible longi-
tudinal (axial) heat conduction, constant overall heat transfer coef-
ficient and constant heat capacity of both the streams. Due to the
above mentioned assumptions, classical closed form solutions,
such as the LMTD and e-NTU methods, cannot take care of second-
ary parameters.
Effects of individual secondary parameters on heat exchanger
performance have been studied by many authors [5–21]. Com-
bined effects of two or more of these parameters are also reported
in some of the articles. A review on these articles is presented by
Pacio and Dorao [22]. To study these combined effects, numerical
methods become unavoidable, even for two-stream heat exchang-
ers. A numerical model is presented by Nellis [23] which includes
axial heat conduction, parasitic heat loads, and property variations.
In this model, the heat exchanger is discretised in the axial direc-
tion and discretised energy balance equations are solved. In the
case of a two-stream PFHE, due to the symmetrical temperature
distribution in the fin, an adiabatic plane passing through the cen-
tre of the fin can be assumed and a fin efficiency can be used to cal-
culate a secondary heat transfer area. In such cases, Nellis’s model
can be effectively used for analysis of a PFHE.

Two-stream heat exchanger analysis has been extended in the
literature [24–28] for multistream heat exchangers under idealised
conditions neglecting the earlier mentioned secondary parameters.
In the case of two-stream heat exchangers, heat transfer occurs be-
tween neighboring passages of the hot and cold streams. Multi-
stream PFHEs employ more than two fluid streams. Based on the
stacking pattern of the streams, different passages of each stream
would exhibit individual temperature profiles. There can also be
transverse heat conduction through the fins. Available thermal de-
sign methodologies for multistream heat exchangers have been re-
viewed in detail by Das and Ghosh [29]. Most of the multistream
heat exchanger design methodologies, available in the literature,
are based on various assumptions. These include constant wall
temperature [30–32], identical passage behavior [33], half fin
length [30–32,34], area splitting [35–37], etc. Some of the earlier

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cryogenics.2014.02.017&domain=pdf
http://dx.doi.org/10.1016/j.cryogenics.2014.02.017
mailto:matrey@me.iitb.ac.in
http://dx.doi.org/10.1016/j.cryogenics.2014.02.017
http://www.sciencedirect.com/science/journal/00112275
http://www.elsevier.com/locate/cryogenics


Nomenclature

Ab(i) primary heat transfer area per unit length in the ith
layer, m

Ab(n) primary heat transfer area per unit length in the nth
layer, m

Af(i) secondary heat transfer area per unit length in the ith
layer, m

d hydraulic diameter, m
f Fanning friction factor
G mass velocity, kg/m2 s
h heat transfer coefficient, W/m2 K
k thermal conductivity, W/m K
m mass flow rate, kg/s
L length of heat exchanger code, m
naxial number of elements in axial direction
nfin number of elements in fins in the transverse direction
nlateral total number of nodes in the transverse direction
nlayers number of layers
nstreams number of streams
P pressure, Pa
Qconv heat transfer rate due to convection, W
Qr heat transfer rate per unit area due to radiation, W/m2

T temperature, K
w width, m

wcore core width, m
wfin(i) effective fin width in the ith layer, m
wfin(n) effective fin width in the nth layer, m
wsb side bar width, m
e effective emissivity
q density, kg/m3

r Stefan Boltzmann constant, W/m2 K4

Subscripts
P central grid point under consideration
E, N, S, W neighbor grid points
e, n, s, w control volume faces
ep1 top end plate
ep2 bottom end plate
f fluid
fin fin
i layer number variable
sp separating plate
sb side bar
1 environment
(n) layer number

Fig. 1. Basic components of a plate fin heat exchanger.
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mentioned secondary parameters have been ignored in many arti-
cles [31–35,37–44]. However, as mentioned earlier, in many appli-
cations such as in cryogenic conditions, these cannot be ignored
and have to be dealt with while designing such heat exchangers.

Aspen MUSE™ [45], which is a proprietary, costly and limited
period licensed commercial software available for design and
rating of multistream plate fin heat exchangers, uses proprietary
correlations for j–f factors of fins. In this software, fins are not
discretised in the lateral direction, instead normal fin efficiency
and bypass fin efficiency terms are used. Haseler [30] introduced
bypass fin efficiency concept but its derivation did not include axial
heat conduction.

To take care of transverse heat conduction, it is appropriate to
discretise the heat exchanger in the transverse direction also. In
this case, the use of a fin efficiency can be eliminated and discre-
tised 2-D energy balance equations for fin elements can be solved.
In the present paper, a numerical model, which explicitly accounts
for secondary parameters like AHC through the heat exchanger
metal matrix, parasitic heat in-leak from surroundings, and
variable fluid properties/metal matrix conductivity, is presented
for a multistream PFHE. Based on this model, a numerical tool is
developed for rating calculations of a PFHE with special reference
to helium cryogenic systems where one layer is confined to one
fluid stream. The numerical model is validated against results
obtained using Aspen MUSE™. The model is further applied to
study lateral thermal profiles in multistream PFHEs using sample
heat exchangers.
2. Numerical model and governing equations

Following assumptions have been made in the numerical model
and in deriving discretised energy balance equations:

i. The entire heat exchanger is under steady state conditions.
ii. Variations of fluid temperature, heat transfer coefficient and

friction factor perpendicular to the flow direction at a partic-
ular cross-section in any passage is negligible. Heat transfer
coefficient and friction factor correlations used in the pres-
ent model are also based on these assumptions.

iii. Temperature variations across the thickness of the fin is neg-
ligible due to thin fins.

iv. The metal matrix temperature inside the core is constant
along the width of the heat exchanger, but this temperature
is different than the temperature of the side bars. In high
effectiveness PFHEs for cryogenic applications, the fin den-
sity is large and the assumption of constant temperature
along the core width can be justified. Due to comparatively
thick side bars, there may be large lateral (transverse) heat
conduction through the side bars resulting into a different
lateral temperature profile in the side bars compared to
the inside core.

v. Heat conduction through the gas is neglected in comparison
to the heat conduction through the metal.

vi. Flow mal-distribution is neglected.
vii. The effect of pressure drop on the heat transfer calculations

is neglected.

2.1. Model description

A PFHE is a type of compact heat exchanger which consists of
stacks of alternate layers of corrugated die-formed metal sheets
(the fins) separated by flat metal separation sheets (the plates).
The basic components of a PFHE are shown in Fig. 1.



Fig. 2. Simplified cross-sectional model of a sample PFHE with 3 layers.

Fig. 3. Computational grid of a representative fin in layer i.
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Fig. 2 describes a simplified cross-sectional model of a sample
PFHE with three layers. From the earlier mentioned assumptions
(iii) and (iv), every fin in a layer at a particular cross-section shows
a similar thermal behavior and temperature profile. Therefore, it is
possible to represent the fins in a particular layer through one
equivalent fin with a thickness equal to the total fin thickness
and a heat transfer area equal to the total heat transfer area of
all the fins. The fins (and side bars) are divided in the lateral direc-
tion in nfin elements. The heat exchanger is divided in the axial
direction in naxial elements. In the lateral direction, 3 nodes are
placed in each separating plate/end plate. The total number of lat-
eral nodes for core elements is nlateral, the same as that used for side
bars.

2.2. Discretised energy balance equations

In each of the volume elements of the metal matrix, there exists
2-D heat conduction (along the length of heat exchanger and along
the lateral direction as represented by direction X and direction Y
respectively in Fig. 2).

Energy balance equations for these elements can be represented
as steady two dimensional heat conduction governed by the fol-
lowing general equation:
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þ S ¼ 0 ð1Þ

where S is the source term which takes a different form for different
components of the heat exchanger.

Discretised energy balance equations for each volume element
are derived in finite difference form. The nomenclature for grid
points and interfaces are similar to that used by Patankar [46].
Due to the 2-D discretisation of the domain, it is possible to explic-
itly incorporate AHC, variable fluid/metal properties, parasitic heat
in-leak from surroundings and transverse heat conduction.

The following heat transfer terms are taken into consideration
in the discretised energy balance equations.

(a) Convective heat transfer to the fluid and conductive heat
transfer to the fins at the inner surface of end plates and
both surfaces of separating plates.

(b) Convective heat transfer to the fluid from inner surfaces of
side bars.

(c) Parasitic heat in-leak from surroundings to the outer sur-
faces of the heat exchanger. This term is taken in the form
of radiation with an effective emissivity term and can be
represented as:
Qr ¼ r�ðT4
1 � T4

PÞ ð2Þ

where Qr is radiative heat in-leak per unit area.
Zero thickness elements are taken at the boundary of the heat

exchanger components to take care of the boundary conditions.
The Left Boundary Condition (Hot End) at X = 0 can be expressed

as:

TP ¼
Q rdx
2kP

þ TE ð3Þ

The Right Boundary Condition (Cold End) at X = L is given by:

TP ¼
Q rdx
2kP

þ TW ð4Þ
2.2.1. Energy balance equations for fins
The computational grid of a representative fin in the ith layer is

shown in Fig. 3. There are (nfin � naxial) volume elements in each fin.
The source term S, for the fin elements, consists of heat convected
from the fin elements to the fluid elements. From the discretised
energy balance equations of the fin elements, the central grid point
temperature Tp can be represented as:

TP ¼
kndx
dyn

TN þ ksdx
dys

TS þ
kedyfinðiÞ

dxe
TE þ

kwdyfinðiÞ
dxw

TW þ
hAf ðiÞdx

nfinwfinðiÞ
Tf

kndx
dyn
þ ksdx

dys
þ kedyfinðiÞ

dxe
þ kwdyfinðiÞ

dxw
þ hAf ðiÞdx

nfinwfinðiÞ

ð5Þ
2.2.2. Energy balance equations for side bars
There are (nfin � naxial) volume elements in each side bar. The

source term S, for the side bar elements, consists of heat convected
from the inner surfaces of the side bars to the fluid elements and
heat radiated from surroundings to the outer surfaces of side bars.
Using discretised energy balance equations of the side bar ele-
ments, the central grid point temperature Tp can be written as:

TP ¼
kndxwsb

dyn
TNþ ksdxwsb

dys
TSþ

kedyfinðiÞwsb

dxe
TEþ

kwdyfinðiÞwsb

dxw
TW þQ rdyfinðiÞdxþhdyfinðiÞdxTf

kndxwsb
dyn
þ ksdxwsb

dys
þ kedyfinðiÞwsb

dxe
þ kw dyfinðiÞwsb

dxw
þhdyfinðiÞdx

ð6Þ
2.2.3. Energy balance equations for end plates and separating plates
Along the width of the heat exchanger, there is no temperature

gradient inside the heat exchanger core, but the core temperature
is different than the side bar temperature, as described in the
assumption (iv). Since the side bar temperature is different than
that in the heat exchanger core, heat is conducted from the side
bars to the separating plates and the end plates in the Z direction.
The source term S, for the separating plate/end plate elements and
the corresponding side bar elements, consists of heat conducted
between the side bar elements and the separating plate/end plate
elements.

2.2.4. Energy balance equations for end plates
The computational grid of the bottom end plate is shown in

Fig. 4. Heat conducted from each of the side bars to the bottom



Fig. 4. Computational grid of bottom end plate.
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end plate (ep2) elements in the Z direction (as shown in Fig. 2) can
be represented as:

Q cond;Z ¼
dxdyep2

ðwsb=2Þ kpðTsb � TpÞ ð7Þ

Using discretised energy balance equations for the bottom end
plate elements, the central grid point temperature Tp can be writ-
ten as:

TP ¼
wcoredx

dyn
knTNþwcoredx

dys
ksTSþ

wcoredyep2
dxe

keTEþ
wcoredyep2

dxw
kwTW þ

2dxdyep2
ðwsb=2Þ kpTsb

wcoredx
dyn

knþwcoredx
dys

ksþ
wcoredyep2

dxe
keþ

wcoredyep2
dxw

kwþ
2dxdyep2
ðwsb=2Þ kp

ð8Þ

Since there are two side bars (one at each side), cross-sectional
area for conduction from the side bars to the end plate is 2dxdyep2.
Nodal separation distance between Tsb and Tp is wsb/2. Here, wsb is
the side bar width and Tsb is the central node temperature of the
side bar element. As per the assumption (iv) of the numerical mod-
el, the metal matrix temperature inside the core is constant along
the width of the heat exchanger, therefore, Tp is constant along the
Z-direction for the end plate. Wcore, is the width of the end plate. In
general, kp is the thermal conductivity of the central node under
consideration and its value is taken from the previous iteration.
kp, in this case, represents thermal conductivity of the bottom
end plate.

The temperature at the bottom boundary nodes can be ex-
pressed as:

TP ¼
Q rdyep2

2kP
þ TN ð9Þ

The temperature at the top boundary nodes is given by:

TP ¼
2wfinðnÞ
dyfinðnÞ

kPTN þ 2wcore
dyep2

kPTS þ h
AbðnÞ

2 Tf

2wfinðnÞ
dyfinðnÞ

kP þ 2wcore
dyep2

kP þ h
AbðnÞ

2

ð10Þ

Discretised energy balance equations for the top end plate ele-
ments can be obtained in similar fashion.

2.2.5. Energy balance equations for end plate side bars
Using discretised energy balance equations for the bottom end

plate side bar elements, the central grid point temperature Tp can
be written as:

TP ¼
wsbdx

dyn
knTN þ wsbdx

dys
ksTS þ

wsbdyep2
dxe

keTE þ
wsbdyep2

dxw
kwTW þ

dxdyep2
ðwsb=2Þ kep2Tep

wsbdx
dyn

kn þ wsbdx
dys

ks þ
wsbdyep2

dxe
ke þ

wsbdyep2
dxw

kw þ
dxdyep2
ðwsb=2Þ kep2

ð11Þ

The temperature at the bottom boundary nodes can be ex-
pressed as:

TP ¼
Q rdyep2

2kP
þ TN ð12Þ
The temperature at the top boundary nodes is given by:

TP ¼
1

dyfinðnÞ
TN þ 1

dyep2
TS

1
dyfinðnÞ

þ 1
dyep2

ð13Þ

Discretised energy balance equations for the top end plate side
bar elements can be obtained in similar fashion.

2.2.6. Energy balance equations for separating plates
Heat conducted from each of the side bars to the ith separating

plate elements in the Z direction (as shown in Fig. 2) can be repre-
sented as:

Qcond;Z ¼
dxdyspðiÞ

ðwsb=2Þ kpðTsb � TpÞ ð14Þ

Using discretised energy balance equations for the ith separat-
ing plate elements, the central grid point temperature Tp can be
written as:

TP ¼
kndxwcore

dyn
TNþ ksdxwcore

dys
TSþ

kedyspðiÞwcore

dxe
TEþ

kwdyspðiÞwcore

dxw
TW þ

2dxdyspðiÞ
ðwsb=2Þ kpTsb

kndxwcore
dyn

þ ksdxwcore
dys

þ kedyspðiÞwcore

dxe
þ kwdyspðiÞwcore

dxw
þ 2dxdyspðiÞ
ðwsb=2Þ kp

ð15Þ

Details of various terms appearing in Eq. (15) have been given after
Eq. (8). However, in the present case, as against bottom end plate
considered in Eq. (8), separating plate is considered.

The temperature at the top boundary nodes can be expressed
as:

TP ¼
2kP wfinðiÞ

dyfinðiÞ
TN þ 2kP wcore

dyspðiÞ
TS þ

hAbðiÞ
2 Tf

2kP wfinðiÞ
dyfinðiÞ

þ 2kP wcore
dyspðiÞ

þ hAbðiÞ
2

ð16Þ

The temperature at the bottom boundary nodes is given by:

TP ¼
2kP wcore

dyspðiÞ
TN þ

2kP wfinðiþ1Þ
dyfinðiþ1Þ

TS þ
hAbðiþ1Þ

2 Tf

2kP wcore
dyspðiÞ

þ 2kP wfinðiþ1Þ
dyfinðiþ1Þ

þ hAbðiþ1Þ
2

ð17Þ
2.2.7. Energy balance equations for separating plate side bars
Using discretised energy balance equations for the ith separat-

ing plate side bar elements, the central grid point temperature Tp

can be written as:

TP ¼
kndxwsb

dyn
TNþ ksdxwsb

dys
TSþ

kedyspðiÞwsb

dxe
TEþ

kw dyspðiÞwsb

dxw
TW þ

2dxdyspðiÞ
ðwsb=2Þ kspTspþQ rdxdyspðiÞ

kndxwsb
dyn
þ ksdxwsb

dys
þ kedyspðiÞwsb

dxe
þ kwdyspðiÞwsb

dxw
þ 2dxdyspðiÞ
ðwsb=2Þ ksp

ð18Þ

The temperature at the top boundary nodes can be expressed
as:

TP ¼
1

dyfinðiÞ
TN þ 1

dyspðiÞ
TS

1
dyfinðiÞ

þ 1
dyspðiÞ

ð19Þ

The temperature at the bottom boundary nodes is given by:

TP ¼
1

dyspðiÞ
TN þ 1

dyfinðiþ1Þ
TS

1
dyspðiÞ
þ 1

dyfinðiþ1Þ

ð20Þ
2.2.8. Energy balance equations for fluids
The energy balance equation for the fluid elements in the ith

layer for the positive flow direction can be written as:

miCpi;Tfavg
ðTf ði;jÞ � Tf ði;jþ1ÞÞ ¼ Qconv ð21Þ

where,

Qconv ¼ Qsp þ Qfin þ Q sb ð22Þ
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Fig. 5. Flow chart of the solution algorithm.

Table 1
Details of heat exchanger core.

Description Case 1–3 Case 4

Heat exchanger matrix metal Aluminium (3003) Aluminium (3003)
Core length 1200 mm 1160 mm
Core width 184 mm 300 mm
Side bar width 8 mm 10 mm
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Qconv ¼ h
AbðiÞ

2
dxð2Tfavg �metalArrð3iþnfinði�1Þ;jþ1Þ �metalArrð1þðnfinþ3Þi;jþ1ÞÞ

þ
Xnfin

k¼1

"
h

Af ðiÞ

nfin
dxðTfavg �metalArrð3iþnfinði�1Þþk;jþ1ÞÞþ2hdyfinðiÞdx

� Tfavg metalArrð3iþnfinði�1Þþkþnlateral ;jþ1Þ

! #
ð23Þ

Here, the metalArr is a 2-D metal temperature matrix and j
represents axial node number. In the metalArr, there are (2 � nlateral)
rows and (naxial + 2) columns. First nlateral rows of the metalArr
represent core temperatures and next nlateral rows represent side
bars. In the ith layer, metalArr(3i+nfin(i-1),j+1) represents top separating
plate surface in contact with the fluid, metalArr(1+(nfin+3)i,j+1)

represents bottom separating plate surface in contact with the
fluid, metalArr(3i+nfin(i-1)+k,j+1) represents fin elements and
metalArr(3i+nfin(i-1)+k+nlateral,j+1) represents side bar elements. Tfavg is
the average fluid temperature of the ith layer fluid element under

consideration and is equal to
Tf ði;jþ1ÞþTf ði;jÞ

2 .
The fluid temperature for the positive flow direction can be ex-

pressed as:

Tf ði;jþ1Þ ¼ Tf ði;jÞ �
Q conv

miCpi;Tfavg

ð24Þ

The fluid temperature for the negative flow direction is given
by:

Tf ði;jÞ ¼ Tf ði;jþ1Þ �
Q conv

miCpi;Tfavg

ð25Þ

The core pressure drop in the ith layer consists of two compo-
nents, the frictional pressure drop and the pressure drop (or rise)
due to the rate of change of momentum. This can be expressed
as [2]:

DPi ¼
G2

2

Xnaxial

j¼1

4dx
d
ðf=pÞTf

þ 2
1

qexit
� 1

qin

� �" #
ð26Þ
Total width 200 mm 320 mm
Separating plate thickness 0.8 mm 0.8 mm
End plate thickness 3.8 mm 5.8 mm
Fin type Serrated Serrated
Fin metal thickness 0.2 mm 0.2 mm
Fin height 6.3 mm 3.6 mm
Serration length 3 mm 3 mm
Fin pitch 1.4 mm 1.4 mm

Fig. 6. Schematic of offset-strip fins.
3. Solution technique

The system of discretised energy balance equations is solved
iteratively using reasonable initial guesses with suitable relaxation
factors for metal and fluid nodes. Fig. 5 describes the flow chart of
the solution algorithm. The numerical technique, as described
above, is implemented through visual basic. The computer pro-
gram uses MSEXCEL� for user interaction. Thermo-physical prop-
erties of the fluids are evaluated using GASPAK� [47]/HEPAK�

[48]. The thermal conductivity of Aluminium (Al) (Construction
material selected for heat exchanger) is evaluated using an empir-
ical correlation from NIST [49]. Heat transfer coefficient/friction
factor correlations [50] for offset strip fins are used in the code,
although the mathematical formulation developed and described
in the earlier sections is valid for fins of different types.

4. Results and discussions

4.1. Model validation

The numerical model presented in this paper is a generalized
model and can be used for rating calculations of heat exchangers
with any number of streams. The dimensions of PFHE cores used
for model validation and parametric studies are given in Table 1.
Fig. 6 describes the serrated type fins used in the sample PFHE.
For heat transfer and flow friction characteristics, well known
Manglik and Bergles correlations are applied [50]. Operating condi-
tions and process parameters used for case studies are described in



Table 2
Operating conditions and process parameters for case studies.

Case
no.

Stream
no.

Working
fluid

Mass flow rate
(g/s)

Pin

(MPa)
Tin (K) Total no. of

layers
Layer arrangement

1 1 He 10 0.210 80.00 1 1-2
2 He 10 0.700 311.00 1

2 1 He 10 0.210 80.00 2 1-2-1
2 He 10 0.700 311.00 1

3 1 He 10 0.210 80.00 1 1-2-3
2 He 10 0.700 311.00 1
3 N2 2.7 0.110 80.00 1

4 1 He 17 1.219 43.05 6 2-3-2-3-2-1-2-3-2-3-2-1-2-3-2-3-2-1-2-3-2-3-2-1-2-3-2-1-2-3-2-3-2-
1-2-3-2-3-22 He 62 0.144 11.00 20

3 He 45 0.650 43.05 13
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Table 2. These cases are selected to cover various possibilities that
exist in a helium liquefier or a refrigerator. Case-1 is a two stream
He–He heat exchanger with one layer for each stream. Case-2 is
also a two stream He–He heat exchanger with 2 layers for the cold
stream and one layer for the hot stream which is kept in the mid-
dle. Due to symmetrical heat input, the lateral temperature profile
in this case should also be symmetrical and this symmetry can be
used for model validation. Case 3 is a 3-stream He–He–N2 heat ex-
changer with one layer for each stream. A heat exchanger similar
to Case-3 exists as the 1st heat exchanger in the helium lique-
fier/refrigerator with LN2 pre-cooling arrangement. In this case, a
high pressure warm helium gas stream is cooled by low pressure
cold return helium gas stream and a cold N2 vapour stream. The
number of layers for all these cases is deliberately kept at a mini-
mum, so that the lateral temperature profile could be analysed and
understood in detail. Case-4 represents a realistic case of a 3
stream He–He–He heat exchanger, typically used between two
turbines in modern turbine based helium liquefiers/refrigerators.
In all the above cases, the pressures of the fluids are normally
different.
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Fig. 7. Grid independence test for Case-3.
Fig. 7 demonstrates the grid independence of the code. This is
done by plotting fluid exit temperatures against grid density. In
the present work, this test is carried out for case-3 which is a
3-stream heat exchanger. For this test, layer-2 exit temperatures
are plotted against the number of axial elements keeping the num-
ber of elements in the fins as constant. The number of elements in
the fins is increased from 1 to 10, while the number of elements in
the axial direction is increased from 1 to 25. It can be observed that
layer-2 exit temperatures follow different curves for different
number of elements in the fins. As the number of elements in
the fins is increased, these curves almost merge together. This indi-
cates grid independence of the code against grid density in the fins.
It is seen that, as the number of elements in the axial direction is
increased, layer-2 exit temperatures become independent of num-
ber of axial elements. This shows grid independence of the code
against grid density in the axial direction. This test is carried out
for all the cases described in the present work.

Results from the present code are compared with the results ob-
tained using commercial software Aspen MUSE™ [45]. The com-
parison is carried out with respect to exit temperatures of the
working fluids as well as fluid temperature profiles along the
length of heat exchangers. Table 3 gives the comparison of the fluid
outlet temperatures, while Figs. 8 and 9 give fluid temperature pro-
files along the length of the heat exchangers for cases 3 and 4
respectively. It is obvious from these figures and table that there
exists a good agreement between the developed code and Aspen
MUSE™ [45].

4.2. Lateral temperature profiles for multistream heat exchangers

The lateral temperature profile of the heat exchanger matrix
and fluid at the mid axial position of the heat exchanger is shown
in Figs. 10–13 for Cases 1–4 respectively.

Fig. 10 shows lateral temperature profiles for different elements
of the heat exchanger matrix as described in Fig. 2 for Case-1. In
this figure, the top end plate (&top end plate side bar), fin in
layer-1 (& side bar), separating plate (& separating plate side
bar), fin in layer-2 (& side bar), bottom end plate (&bottom end
plate side bar) are represented by nodes 1–3, 3–14, 14–16,
16-27, 27–29 respectively. The fluid in layer-1 is warm helium
while the fluid in layer-2 is cold helium. It may be observed that
the temperature between nodes 1–2 and nodes 28–29 is constant;
this is due to adiabatic end condition in the end plates (Effective
emissivity in the studied cases is taken as zero). A linear tempera-
ture gradient exists between nodes 14–16, which represents the
temperature drop in the separating plate due to heat conduction.
It may be noted that the lateral temperature profile of the side bars
is quite different than the core temperature profile. A nonlinear
temperature profile can be seen in the representative fin. This is
due to near adiabatic end condition at the fin end near the



Table 3
Comparison of results.

Case no. Stream no. Texit (K) DP (bar)

Aspen MUSE [45] Present code Aspen MUSE [45] Present code

1 1 293.81 294.12 0.15640 0.15337
2 97.27 96.91 0.04964 0.04793

2 1 298.79 298.61 0.05248 0.05149
2 92.31 92.43 0.04882 0.04726

3 1 287.28 287.37 0.13358 0.13865
2 91.85 91.69 0.04508 0.04344
3 300.45 299.21 0.00546 0.00501

4 1 13.48 13.51 0.00043 0.00040
2 41.86 41.76 0.00377 0.00371
3 13.49 13.55 0.00104 0.00104
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Fig. 11. Lateral temperature profile at mid axial position for Case-2.
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end-plate. There exists a near linear temperature profile in the side
bars. This is due to dominance of conduction heat transfer which
results into transverse heat conduction between the separating
plate and the end plate through the side bars.



168

170

172

174

176

178

180

182

184

186

1 4 7 10 13 16 19 22 25 28 31 34 37 40

Te
m

pe
ra

tu
re

 (K
)

Lateral Node Number

Core  
Side Bar
Fluid

Layer-1 

Layer-3 

Se
pa

ra
tin

g 
Pl

at
e

Se
pa

ra
tin

g 
Pl

at
e

En
d 

Pl
at

e

En
d 

Pl
at

e

Layer-2 

Fig. 12. Lateral temperature profile at mid axial position for Case-3.
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Fig. 11 shows the lateral temperature profile for case-2. The
fluid in layer-2 is warm helium while the fluid in layer-1 and 3 is
cold helium. It may be seen that the lateral temperature profile
is perfectly symmetrical for this case. This is due to symmetrical
heat input to the central layer from the outer layers. A zero tem-
perature gradient is observed at the middle of the fin in layer-2.
For such cases, a half fin length idealization can be used instead
of fin discretisation in the lateral direction. There exists no trans-
verse heat conduction between the two separating plates. Trans-
verse heat conduction through the side bars between the
separating plates and the end plates is also negligible due to more
uniformity in the metal matrix temperature.

Fig. 12 shows the lateral temperature profile for case-3. The
fluid in layer-2 is warm helium which is being pre-cooled by the
cold helium in layer-1 and the cold N2 vapour in layer-3. Both
the cold streams are entering at 80 K. It may be observed from
Fig. 8 that there is a sharp rise in the temperature of the N2 vapour
in layer-3 at the cold end. This is due to the fact that the heat
capacity of N2 vapour in the layer-3 is less as compared to the heat
capacity of cold helium in layer-1. As a result, the temperature ap-
proach between the N2 vapour and the warm helium is smaller
compared to that between the cold and warm helium streams.
Due to the above mentioned reasons the lateral temperature pro-
file in the heat exchanger matrix becomes non-symmetrical
although the inlet temperatures of cold helium and N2 vapour
are the same. It can be seen that the zero temperature gradient
point inside the fin in layer-2 is closer to the separating plate be-
tween layer-2 and layer-3. It may therefore be concluded that most
of the fin area of layer-2 participates with layer-1 for heat transfer.
In such cases, a half fin length idealisation may result in large er-
rors and appropriate area participation factors need to be consid-
ered. In this case, transverse heat conduction through the side
bars is present not only between the separating plates and end
plates but also in between the separating plates. This indicates that
the fluid in layer-3 interacts not only with the fluid in the layer-2
but also with the fluid in the layer-1. It may be appreciated that the
temperature profile would alter based on the heat capacity ratios
of the fluid streams.

Fig. 13 shows lateral temperature profile for case-4 which rep-
resents an actual heat exchanger in a helium refrigerator/liquefier.
In this case, there are a total of 39 layers. The high pressure warm
helium stream (6 layers) and medium pressure warm helium
stream (13 layers) are cooled by the low pressure cold helium
stream (20 layers). The number of layers for each stream is decided
based on the required heat transfer, allowable pressure drop and
limitations on overall length of the heat exchanger. There are alter-
nate layers of warm and cold streams. The layer arrangement for
this case is given in Table 2. It can be seen that all the separating
plates are at different the temperatures, although the differences
are small. It may be noticed that all the layers have a zero temper-
ature gradient point inside the fins; therefore transverse heat con-
duction through the fins does not exist. However, transverse heat
conduction from the central layers to the outer layers through
the side bars does exist.

5. Conclusion

The numerical model presented here can be successfully used
for rating calculations of multistream PFHE for cryogenic applica-
tions. The model takes care of various secondary parameters such
as axial and transverse heat conduction, effects of variable fluid
properties/metal matrix conductivity and heat in-leaks from sur-
roundings. The model uses heat transfer and friction factor charac-
teristics of fins available in the published literature. Due to 2-D
discretisation, need of fin efficiency term is eliminated. The model
is presented with detailed energy balance equations along with
solution algorithm. The results obtained are in good agreement
with commercially available software Aspen MUSE™ [45]. The
model is very useful to compute the effect of lateral heat conduc-
tion when applied to a multistream PFHE as is shown in case-3
study. Depending on lateral temperature profiles, the model can
be used to optimise stacking patterns. It may be worth highlighting
that since the model is based on 2-D discretisation, it cannot take
care of the temperature variations along the width of the heat ex-
changer. Due to this, the model cannot be used for rating of multi-
stream plate fin heat exchangers for side by side streams in one
layer. However, the present work is highly significant to compute
the rating requirements of plate fin heat exchangers for most he-
lium liquefaction and refrigeration systems where effectiveness
of heat exchangers is normally in excess of 0.95.
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