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a b s t r a c t
Natural flake graphite sheets have superior physical properties such as: high in-plate thermal conductivity (300–600 Wm1K1), light weight (2.1 gcm3), negligible coefficient of thermal expansion and resistivity to corrosion under high temperatures. With the new roll-embossing process, fabrication of graphite
sheets with different patterns has become fast and economical. These properties make natural graphite
an excellent candidate for thermal applications, such as heat exchangers (HEXs), as an alternative to
metallic alloys. This study presents a new fabrication method for chevron-type plate HEXs, as a proofof-concept demonstration, using flat embossing process. To measure the performance of the proposed
graphite plate heat exchanger, a custom-designed water-water experimental testbed is designed based
on ANSI/AHRI Standard 400. The heat transfer rate and the pressure drop of the fabricated graphite plate
heat exchanger are compared to a conventional stainless-steel chevron HEX with similar plate dimensions and number of plates. Compared with the commercially available unit, the proposed graphite plate
heat exchanger shows identical thermal performance and a 26% higher pressure drop, due to its narrower
channel design. This provide a promising platform for future optimized designs of efficient, corrosionresistance, and cost-effective graphite-based heat exchangers for a number of industrial applications.
Crown Copyright Ó 2018 Published by Elsevier Ltd. All rights reserved.

1. Introduction
Heat exchangers have been extensively used in applications
such as oil and gas industry, food and chemical processing, power
generation, refrigeration, and air conditioning systems. Fast industrialization and rise in energy needs, developments in chemical,
petrochemical and HVAC systems have led to an ever-increasing
need in the market for efficient and compact heat exchangers.
The heat exchanger market value is estimated to grow from USD
13.89 Billion in 2017 to USD 20.65 Billion by 2022 [1]. In any heat
exchanger, other than design considerations, material selection
plays a crucial role in determining its maintenance cost and life
span. For example, heat exchangers made from a material with
high coefficient of thermal expansion, are more likely to damage
from thermal stresses under swinging operating temperatures.
Conventional heat exchangers are mostly made from metallic
alloys, such as aluminum, copper, and steel. These alloys have good
heat transfer properties, such as high thermal conductivity, and are
easy to manufacture and cost-effective. However, aluminum, copper and steel are prone to corrosion when subjected to corrosive
environments. Heat exchangers in urban air conditioning systems,
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automotive, heat recovery from flue gas, and chemical and petroleum processing can be subjected to such damages [2,3].
Natural graphite is a corrosion-resistant material and has an
exceptionally high thermal conductivity (300–600 Wm1K1 in
the in-plane direction vs aluminum 200 Wm1K1), low density
(2.1 gcm3 vs. aluminum 2.7 gcm3), negligible coefficient of
thermal expansion and low material cost. These properties make
natural graphite an excellent material for heat exchanger applications [4–6]. Artificial synthetic resin impregnated graphite is now
being used by several manufacturers such as SGL Carbon and
Group Carbone Lorraine to produce graphite heat exchangers
under DIABONÒ and GRAPHILORÒ brands, respectively. In the manufacturing process of artificial graphite blocks, temperatures as
high as 3000 °C is required to induce crystalline structures. These
blocks are then machined to a desired shape to be used in heat
exchanger industry. Although being corrosion resistant, the high
manufacturing and machining costs of thermal products made
from artificial graphite has been a significant obstacle preventing
their widespread adoption.
Among different types of heat exchangers, plate heat exchangers are considered compact as they provide a high heat transfer
surface area per volume. In plate heat exchangers, the thin plate
that transfers heat between the hot and cold streams is usually
patterned. These thin plates can be fabricated from natural
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Nomenclature
Lw
Lp
l
b
;
b
dPort
Redh
Th;i
Th;o
Tc;i

Tc;o
q_ h

plate width (m)
plate length (m)
corrugation pitch (m)
corrugation depth (m)
plate shift angle
chevron angel
port diameter (m)
Reynolds number in plate heat exchanger channel
hot water inlet temperature (K)
hot water outlet temperature (K)
cold water inlet temperature (K)

q_ c
q_ av e
dh
_h
m
_c
m
cp

cold fluid outlet temperature (K)
heat transfer rate from hot loop of the heat exchanger
(W)
heat transfer rate from cold loop of the heat exchanger
(W)
average heat transfer rate of hot and cold loop (W)
hydraulic diameter (m)
mass flow rate of hot loop of the heat exchanger (kgs1)
mass flow rate of the cold loop of the heat exchanger
(kgs1)
specific heat capacity (Jkg1C°1)

graphite sheets and patterned via embossing process without any
machining. More than 60 different surface patterns have been
developed throughout the last century. Among these, chevron patterns are the most commonly used by the manufacturers. They
increase the heat transfer surface area, promote swirl flow, and disrupt the formation of boundary layers [7]. There are several geometrical design parameters for a chevron plate heat exchanger
that is shown in Fig. 1. Plate width, length, chevron angle, corrugation depth, and pitch are the design parameters of a plate heat
exchanger.
Researchers have analyzed the effect of each design parameters
(Fig. 1) on heat transfer and pressure drop individually. A summary
of the available literature and the reported performance is listed in
Table 1.
Durmus et al. [8] investigated the effect of different surface profiles on heat transfer and pressure drop of plate heat exchangers

experimentally, comparing flat, asterisk, and corrugated plates.
They showed that the corrugated surface profile has a higher heat
transfer rate due to induced turbulence as well as a higher pressure
drop [8]. Dovic et al. [9] conducted experiments in two chevron
angles of 28° and 61° and three aspect ratios (pressing depth/wave
length) of 0.5, 0.4 and 0.27, respectively. They concluded that surfaces with deeper grooves (higher aspect ratio) have a lower surface goodness factor, which is a non-dimensional parameter that
shows heat transfer benefit over pressure drop cost [9]. Yin et al.
[10] investigated the influence of plate’s shift angle (shown in
Fig. 2) on heat transfer coefficient and frication factor of a plate
heat exchanger. The shift angle defines the alignment of upper
and lower corrugated plates relative to each other. They concluded
that the highest heat transfer coefficient was obtained when
/ = 180° due to higher swirl recirculation of the fluid in channels
[10].
In this study, a new graphite plate heat exchanger is built from
natural graphite sheet using flat embossing technology. The proposed plate heat exchanger can be mass-produced using a rollembossing process that is a cost-effectiveness and can reduce the
manufacturing costs of graphite heat exchangers. Using the available results in the literature, listed in Table 1, the proposed graphite plate heat exchanger is designed with a 0.25 aspect ratio
and a 180° shift angle.

Fig. 1. Design parameters of a chevron plate heat exchanger.

Fig. 2. Plate shift angle definition.

Table 1
Summary of the literature review on the design parameters of a plate heat exchanger.
Ref.

Heat transfer fluids (Hot/Cold)

Reynolds number range

Design parameter studied

Remarks

Durmusß et al. [8]

Water/Water

50 < Red < 1,000

Plate surface profile

Dovic et al. [9]

Water-glycol/Water-glycol

0.1 < Red < 250

Corrugation aspect ratio,
Chevron angle

Yin et al. [10]

Air/Air

2,000 < Red < 10,000

Plate phase shift

Experimentally compared heat transfer, pressure drop,
friction factor, and exergy loss between asterisk, flat, and
corrugated plate design
Experimentally studied influence of aspect ratio and
chevron angle on thermal-hydraulic performance of
corrugated plates
Numerically studied the effect of phase shift on flow and
heat transfer in corrugated channels

P. Jamzad et al. / International Journal of Heat and Mass Transfer 131 (2019) 1205–1210

1207

2. Fabrication process
Flexible graphite sheet with an area density of 120 mgcm2
was first compressed down to 2 mm thickness with a rolling
machine to increase the density. The compression also enhances
the mechanical properties of the sheets and prepare them for the
cutting process. To cut the sheets in size and to form the circular
holes, sheets were mounted on a cutting die and cut using a clicker
press. To fabricate the chevron patterns on graphite sheets, a set of
aluminum dies with chevron patterns were designed and fabricated. These dies were installed on a 200 kN mechanical press,
the graphite plates were mounted in between the dies and compressed with the press. This flat embossing process on graphite
was developed by Terrella Energy Systems Ltd. The fabrication process of the chevron graphite heat exchanger is shown in Fig. 3.
Creating chevron patterns on graphite sheets with the proposed
technique is faster and more cost efficient than conventional
machining techniques of graphite blocks. Fig. 4 shows a closer view
of the chevron patterns built using flat embossing process and a
picture of the fully assembled graphite plate heat exchanger.
In order to further improve the mechanical properties of the
graphite, they went through a resin impregnation process. In this
process, sheets were put in the HernonÒ Porosity Sealant (HPS)
994 resin bath under vacuum pressure for two hours. There the
air pores of graphite were filled with resin to increase the mechanical strength of the plates.
Conventional metallic plate heat exchangers use gaskets or
brazing between the plates, to create path for hot and cold fluid,
and to prevent the mixture of the fluids, and the leakage of the fluids from heat exchanger to the environment. In the present design,
no gasket was used, instead male and female grooves were
designed on the plates. An automatic glue dispenser machine, Hernon 394Ò, was applied to the female grooves and the plates were
stacked on top of each other, so that the male grooves were fit into
the females. This method is rather easier than the brazing technique that is used for metallic plate heat exchangers. The heat
exchanger was leak tested by applying air pressure at 70 psi on
both sides at the same time. Table 2 shows the design parameters

Fig. 4. (a) Chevron patterns on natural graphite sheet built using flat embossing
process; (b) fully assembled graphite plate heat exchanger.

of the fabricated natural graphite-sheet plate heat exchanger in our
lab:
3. Experimental setup
A custom-made experimental testbed was designed and built to
measure the total heat transfer rate and pressure drop of the proposed graphite heat exchangers according to ANSI/AHRI Standard
400 [11]. As shown in Fig. 5, a heating and a cooling heat pump
unit supplied the hot/cold water as the heat transfer fluids. These
units kept a constant temperature for hot/cold inlets and pumped
them inside the loops. For both loops, a control valve was provided
to control the flow rate. A Coriolis flow meter was used for the flow
rate measurement. For the temperature measurement, four thermocouples were put before/after the heat exchanger to measure
the inlet/outlet temperatures. For the pressure drop measurement,
two pressure transducers were used before and after each loop. A
list of all the sensors with their accuracy is given in Table 3.

Fig. 3. Fabrication process of graphite plate heat exchanger: (a) Mounting graphite sheet on cutting die; (b) Cutting with hand-press machine to create circular holes; (c)
Graphite plates after cut; (d) Preparing chevron dies; (e) Pressing graphite plates with chevron dies; (f) Chevron plates after resin treatment.
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Table 2
Design parameters of the chevron-type graphite plate heat exchanger (GHEX), see Fig. 1
for parameters definition.
Design parameter

Value

Plate length (Lp )
Plate width (Lw )
Corrugation pitch ðlÞ
Corrugation length ðbÞ
Chevron angle (b)
Port diameter (dport )

151 mm
64 mm
2 mm
0.5 mm
30°
19 m

Table 3
Experimental setup sensors information.
Sensor

Supplier, Model

Accuracy

Measurement
range

Thermocouple
Pressure transducer
Flow meter

Omega, T type
Omega, PX305
FLOMEC, OM015S001

±0.5 °C
0.25%
0.5%

0–220 °C
0–200 kPa
1–40 Lmin1

For a more accurate measurement of temperatures, thermocouple connections were thermally insulated. Surface of the heat
exchanger was also carefully insulated to minimize the heat
exchange to the ambient. Ideally in the experiments all the heat
transfer between hot and cold fluids should happen inside the heat
exchanger. The experimental setup configuration and insulated
parts are shown in Fig. 6. An uncertainty analysis is presented in
Appendix A.
The total heat transfer rate inside the heat exchanger was calculated by averaging the heat transfer rate from the hot side and cold
side, as shown in the Eqs. (1)–(3) following Ref. [12].

_ c cp ðT c;out  T c;in Þ
q_ c ¼ m

ð1Þ

_ h cp ðT h;in  T h;out Þ
q_ h ¼ m

ð2Þ

q_ c þ q_ h
q_ av e ¼
2

ð3Þ

where:
Th;i = Hot fluid inlet temperature (K)
Th;o = Hot fluid outlet temperature (K)
Tc;i = Cold fluid inlet temperature (K)
Tc;o = Cold fluid outlet temperature (K)

Fig. 6. Experimental setup configuration; plate graphite heat exchanger (GHEX) is
insulated.

design parameters provided by the manufacturer are listed in the
Table 4.
Two experiments were conducted with the same flow rates and
inlet temperatures of water on these two heat exchangers. Table 5
shows the experiments input parameters.
There was a 1.5% uncertainty for the heat transfer rate that can
be calculated from the Eq. (4).

4. Results and discussion
The experimental setup was used to compare the thermal and
hydraulic performance of the built graphite plate heat exchanger.
In addition, we tested an off-the-shelf stainless-steel chevron plate
HEX to benchmark the testbed and our experimental results. The
off-the-shelf plate was purchased from Brazetek, (model BT3X810), and had almost the same size and the exact same number of
plates as the built graphite plate heat exchanger in our lab. The

dQ
¼
Q

 2 
2 !1=2
_
dm
dDT
þ
_
m
DT

ð4Þ

Figs. 7 and 8 show the comparison between heat transfer and
pressure drop of the two heat exchangers, respectively.
Our results show that the total heat transfer rate of the graphite
plate is almost identical to the commercially available stainless-

Fig. 5. Schematic of our custom-built experimental setup.
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Table 4
Design parameters of the off-the-shelf stainless-steel chevron plate heat exchanger, manufactured by Brazetek, (model BT3X8-10).
Design parameter

Value

Plate length (Lp )
Plate width (Lw )
Chevron angle (b)
Port diameter (Dport )

153 mm
61 mm
30°
19 mm

Table 5
Input parameters of the experiments.
Experiment inputs

Properties

Working fluid of hot and cold loop
Hot fluid inlet temperature
Cold fluid inlet temperature
Hot fluid inlet flow rate
Cold fluid inlet flow rate

Water
35 °C
25 °C
6.0 Lmin1
2.2 Lmin1

Fig. 9. Pressure drop variation of graphite heat exchanger over time under steadystate conditions.

Fig. 10. Heat transfer rate variation of graphite heat exchanger over time under
steady-state conditions.
Fig. 7. Heat transfer rate comparison between the proposed graphite plate heat
exchanger and the commercially available stainless-steel unit manufactured by
Brazetek, (model BT3X8-10).

steel plate heat exchanger. The graphite heat exchanger however
has a 26.0% higher pressure drop, which is due to its narrower
channels. The plates of the graphite unit are stacked with a thin
layer of glue in between, and the distance between the plates
was limited to 0.5 mm by the thickness of the glue layer. In the
stainless-steel heat exchanger this distance is 1.8 mm. The higher
pressure drop can be remedied by an improved design of the chevron plates, which can be implemented in the next prototype.
To check for the consistency of the graphite plate heat exchanger results, the performance was monitored for 100 h of steadystate operation as shown in Figs. 9 and 10. The variations for pressure drop data were as low as 0.27 kPa (1.3% of original value) and

Fig. 8. Pressure drop comparison between the proposed graphite plate heat
exchanger and the commercially available stainless-steel unit manufactured by
Brazetek, (model BT3X8-10).

9 W (0.8% of original value) for heat transfer rate data. The figures
confirm that the performance is reasonably steady over time and
no degradation was observed within the 100 h test.
5. Conclusions
Challenges with conventional metallic heat exchangers, such as
corrosion and thermal shocks have been a limitation in application
of heat exchangers. Alternative materials, such as titanium and
artificial synthetic graphite are much more expensive than conventional metallic alloys and in some instances are less efficient due to
their low thermal conductivities. Being Corrosion resistant, low
material cost, and low manufacturing cost of the proposed embossing process, makes natural graphite sheets a potential replacement
for these heat exchangers. In this study, a new graphite chevrontype plate heat exchanger was designed, and the fabrication steps
were presented. The performance of the graphite heat exchanger
was compared to a conventional stainless-steel plate heat exchanger, with the same number of plates and plate dimensions, using a
custom-made water-water experimental test setup. The results
showed that the performance of the proposed graphite plate heat
exchanger, in terms of total heat transfer rate was almost identical
with the stainless-steel unit and its pressure drop was 26.0% higher
due to narrower channels. This study provided a promising platform for future optimized designs of efficient, corrosionresistance, and cost-effective graphite-based heat exchangers for
a number of industrial applications.
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