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Abstract

In this study, a set of mathematical models was used to simulate the heat and mass
transfers of hollow fibore PGMD module for desalination applications. The developed model
was firstly validated, and then utilized to study the impacts of different design parameters
and operating conditions on the performance of hollow fibre PGMD. The simulation results
show that coolant velocity and coolant temperature have less impacts on flux compared to
those in DCMD, because in DCMD, coolant directly contacts the membrane but for PGMD it
does not. The model also demonstrates that the higher cooling plate thermal conductivity will
lead to higher flux and energy efficiency. However, when the cooling plate thermal
conductivity is higher than 5 W/m.K, the temperature difference across the cooling plate is
minimum and further increase of the cooling plate thermal conductivity has negligible
impacts on flux and energy efficiency. A sensitivity analysis was undertaken to analyze the
combined effects of gap channel inner/outer diameters and gap channel thermal conductivity
on flux. It is concluded that the changes in gap channel of hollow fibore PGMD will lead to a
more complex combination, and the gap channel thermal conductivity has a more significant
effect on flux compared to the hydrodynamics within the permeate and coolant channels.
The effect of multi-stage processes on energy efficiency is also evaluated. The results
suggest that Gain Output Ratio (GOR) increases with number of stages, and reaches 2.4
with 20 stages. Finally, the roles of different parameters in PGMD optimization are
discussed. The results suggest that cooling plate thermal conductivity plays the most
important role in PGMD optimization compared to coolant velocity and coolant inlet

temperature.

Keywords: Hollow fibore membrane, Permeate Gap Membrane Distillation, sensitivity
analysis, multi-stage process
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1. Introduction

With the increasing focus on better product quality and higher energy efficiency, Membrane
Distillation (MD) has been recognized as a potential alternative for desalination applications.
The operation of MD is based on the different vapour pressures established across a
hydrophobic membrane [1]. In MD, the feed solution is vapourized at the membrane surface
of the feed side, the vapour penetrates through the hydrophobic membrane, afterwards, it is
either condensed into permeate at the interface between the membrane and coolant or
removed by sweeping gas. The MD working principle enables the potential use of alternative
heat sources and low-grade thermal energy [2-5], which is a key advantage compared to
conventional distillation and membrane filtration processes. Furthermore, its purification
process involves the phase-changes (liquid-gas-liquid), enabling a high quality of the

permeate [6].

Permeate Gap Membrane Distillation (PGMD) and its modified designs [7, 8] are developed
based on re-arrangement of the coolant channel, exhibiting various benefits compared to
other MD configurations. For PGMD configuration, an additional gap (permeate gap) is
established in the middle to separate the membrane from the coolant. The gap is filled by
gradually produced permeate, and the coolant channel is placed on the other side of the
permeate gap. This new coolant channel arrangement enables internal heat recovery within
the MD module [9]. Furthermore, because the coolant contacts gap channels rather than the
membrane directly, the sensible heat loss is reduced compared to Direct Contact MD
(DCMD). The mass transfer of PGMD is also enhanced compared to Air Gap MD (AGMD)
because of the elimination of air gap. However, the thermal conductivity of water is
considerably higher than that of air, PGMD has a less heat transfer resistance within the
permeate gap compared to AGMD, which results in a higher sensible heat loss. The heat

and mass flows for PGMD are shown diagrammatically in Fig. 1.
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Fig. 1. Overview of heat and mass flows of PGMD

In Fig. 1, T, Trm, Tpm, Tpe, Tee, @and Tew are the bulk feed temperature, interface temperature
between feed and membrane, interface temperature between permeate and membrane,
interface temperature between permeate and cooling plate, interface temperature between
coolant and cooling plate, and bulk coolant temperature, respectively.

Even though PGMD concept has been investigated by different researchers [7-20], previous
studies focused on spiral wound and flat sheet PGMD. The structure of the flat sheet PGMD
module is generally simple and it is relatively easy to manufacture, however, it has a low
packing density (specific surface area) compared to hollow fibre or spiral wound modules.
Spiral wound PGMD module usually has a high energy efficiency due to the maximized
internal heat recovery, but its permeation flux is very low, which is due to the low
temperature difference between membrane surfaces. Gao et al. [9] compared the PGMD
performance in different module designs and concluded that a more balanced result
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between flux and energy consumption could be achieved by hollow fibre PGMD module

compared to other PGMD configurations (spiral wound or flat sheet).

A better insight into the mass and heat transfers phenomenon within the PGMD module and
the impacts of different design parameters will facilitate the future scale-up of hollow fibre
PGMD module. Gao et al. [20] investigated the impacts of various design parameters on flux
and energy performance using different hollow fiore PGMD module designs. That study also
suggested different approaches (effective membrane surface increase, multi-stage process,
etc.) to further optimize hollow fiore PGMD performance.

To optimize PGMD module design more efficiently, a set of mathematical models are
developed and implemented in a computer program using MATLAB to simulate the heat and
mass transfer phenomena of PGMD process. To the best of authors’ knowledge, this is the
first study to undertake a systematic analysis of heat and mass transfers of hollow fibre
PGMD module and to build the mathematical model accordingly. Due to the unique module
design, the developed model takes both gap channel density and hollow fibre packing
density into consideration, suggesting that hollow fibres could attach to each other and lose
their full contacts with permeate when hollow fibre packing density is high. In addition, the
developed model considers convection and conduction phenomenon for the heat transfer
within the gap channel due to the existence of water gap rather than the air gap. This is
different from AGMD, where the heat transfer within the air gap is described by sensible heat
conduction and latent heat transfer. Furthermore, the developed model enables a discussion
on the role of cooling plate thermal conductivity and its limitation. Based on the modelling

results, the design of hollow fiore PGMD module could be further optimized.
2 PGMD process simulation
2.1 Theoretical analysis of mass and heat transfers of PGMD

The heat and mass transfers of PGMD process can be analyzed in each small segment dx
along the module (see Fig. 2) based on the following 5 sub-processes. It is assumed that the

feed flows counter-current to the coolant stream.
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Fig. 2. Analysis of heat and mass transfers from slice i-1 to slice i+1 along PGMD module

2.1.1 Mass and heat transfers in hot feed channel

The mass transfer phenomenon of hot feed channel for slice i can be described by:
.fb,i = .fb,i—l_ .fb,i Vi f i

Am m m J: LN Ngdx 1)

The heat transfer of slice i for the hot feed channel is described below:

Q= mfb,i—lcpfb,i—leb,i—l - mfb,iCpfb,inb,i (2

L =271, (3)

Here, the subscript i represents the i slice; Amfb,i represents the change of mass flow rate

for the feed bulk flow; Jfb,i represents the water vapour flux of hot feed channel; mfb,i and
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Mg iy indicate the bulk feed mass flow rates coming out and into the slice, respectively;

Ql represents total heat transfer rate of hot feed channel, L1 represents the circumference
of hollow fibre membrane based on its inner diameter; Cpfbyi and Cpfbyi_l are the specific
heat capacities of feed bulk flow coming out and into the slice, respectively; be,i and be,i_l
are temperatures for feed bulk flow coming out and into the slice, respectively; Nf
represents the number of hollow fibre membrane that each gap channel accommodates; Ng
represents the number of gap channels; dXi represents the length of the slice i; and I is

defined as the inner radius for the employed hollow fibre.

It is worthwhile mentioning that the hot feed vapourizes at the interface between the
membrane and feed solution, and the feed solution flows through the membrane lumen side.

Therefore, the heat transfer coefficient for the heat transfer from the feed to the membrane is

that at the inner surface of the hollow fibre. Consequently, the hollow fibre inner radius I3 is

used to calculate the interface surface area for mass/heat transfers in the hot feed channel.

Based on the above information, the heat transfer from the hot bulk flow to the hollow fibre

membrane surface at hot feed side can be described by:
Q, =a;;(Tyy; —Tini) LN, Nngi (4)

Here Q2 represents total heat transfer; Tfm,i represents the temperature of the interface

between hollow fibre membrane and hot feed; and & ; represents the heat transfer

coefficient at the hot feed side, which can be described by [21]:

Nu, 4,
oy =———

i (5)
’ d hf

Here ﬂlrepresents the feed brine thermal conductivity; dhf is the hydraulic diameter for

the feed channel, which can be determined by:

4
d, eri:Zrl (6)
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Here, A is the cross sectional area for the hot channel based on its inner diameter. NUf is

the Nusselt’s number of the hot feed. Previous experimental results [9] suggested that the
water within the feed channel, permeate gap and coolant channel all had laminar flow
regimes. Consequently, NUf under fully developed flow and uniform heat flux condition can

be calculated by [22, 23]:

0.036(RePrd,, /1)

Nu, =4.36+ s
1+0.0011(RePrd,, /1)™

()

Here, | represents the length of the module; Pr and Re represent Prandtl number and

Reynolds number, respectively, which can be calculated by:

C

pr:%" (8)
d.v

Re =5 )
U

Here, Cp, P, H, dh, V and / are specific heat capacity, density, viscosity, hydraulic

diameter, velocity, and thermal conductivity of water, respectively. The thermodynamic

properties and viscosities are allowed to vary with temperature which changes along the

module length, Re and Pr are respectively calculated for hot and coolant channels using
Egs. (8 —9).

2.1.2 Mass and heat transfers through hollow fibre membrane

The mass transfer phenomenon for slice i through the hollow fibre is expressed by:

‘]vm,il‘ZNngdxi = Ni(me,i _Ppm,i)LZNngdXi (10)

Here Jvm,i represents the vapour mass flux through hollow fibre, it is slightly smaller than
‘]fbyi due to difference between L1 and |-2; Ni is the mass transfer coefficient for hollow
fibore membrane; me'i and Ppm,i are vapour pressures at the membrane interfaces

corresponding to temperatures Tfm’i and Tpm,i, respectively; and Lz indicates the average
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circumference based on average radius I;, which can be calculated by the hollow fibre inner

radius (I) and outer radius (;):

_2x(r,—1n)

>~ Ingr, /) -

Because the total pressure difference does not exist inside membrane pores, the effect of
viscous flow is negligible for PGMD, the mass transfer phenomenon through hollow fibre

membrane is determined by Knudsen-molecular diffusion transition mechanism [10]. As a

result, Ni can be calculated by [21]:

3 (1—;(A rblRT 37h 27rRT

= 12
' M eDy T4de el (12)

Here M represents molecular mass of water vapour; x . Is defined as mole fraction of the

vapour; & represents membrane porosity; D, is defined as the diffusivity of water vapour

AB
(A) in the air (B); bl represents the membrane thickness; 7 represents the average

membrane tortuosity; d represents the mean diameter for the hollow fibre membrane pore;

R represents the universal gas constant; and T is the mean temperature within the hollow

fibre membrane pores.

D, can be determined from [23, 24].

1.895%10°°T 2072
D, = > (13)
Here, P is defined as the total pressure.
A €an be determined by [21]:
P
= 14
Aa =) (14)

Here R, represents the partial pressure for the water vapour.

The tortuosity ( 7 ) is estimated by [25] :
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_ (2-¢)*

(15)
g
With the combination of Eqgs. (10) and (12), the flux Jvm,i can be written as:
1-y, b RT 3 7| 27rRT
vm,i :(ibl— bl ) ( fm,i pm|) (16)
M  ¢Dy 4 de
Therefore, Ni can also be expressed by:
1.072
N, = 7.58+10° 4% VT (17)

0, 4Rd (P - Pv) +5.685*10°T***{/22MRT

The heat transfer of the slice i through the hollow fibre membrane can be divided into
sensible heat transfer via heat conduction and latent heat transfer, which is described by:

(e,
Q3 [bl( fmi pml

Combining Egs. (11) and (18) gives:

)+‘J hlatent]L N N dX (18)

vm,i

2 —

vm,i Iatent In(r3 / rl)

Q=[-2_

| 3
(e, ig) . ™ Tomi) *

Here Q3 represents the total heat transfer through hollow fibre of slice i; h|atem represents

the latent heat of vaporization for water; 22 represents average thermal conductivity for

hollow fibre, which is determined by:
ﬂ“z = (1_g)ﬂ‘m + ‘c’%air (20)

Here /1m and ﬂair represent the membrane material thermal conductivity and air thermal

conductivity, respectively.
2.1.3 Mass and heat transfers within the permeate gap

The water vapour is distilled into permeate at the interface of permeate and membrane, the

mass transfer of slice i can be described by:

Amfb,i = mpg,i - mpg,i+1 = ‘]pg,iLst Ngdxi (21)
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Here J pg,i IS defined as the water vapour flux for slice i in permeate gap; and mpg,iﬂ and

mpg,i represent the permeate mass flow rates coming in and out of slice i, respectively,

because the permeate flows in opposite direction to the hot feed flow.

To analyse the heat transfer phenomenon in the gap channel, Gao et al. [9] found that the
permeate within the gap channel was nearly stagnant, therefore, the convective heat can be

neglected, and the heat transfer was mainly caused by conduction, which can be determined

by:

Q4_ 272-/13 (T

T IN,Nd
In(r /)" ™ Toei NNyt (22)

Here Q4 represents the heat transfer rate within the permeate gap of slice i; ﬂg represents
the permeate thermal conductivity; Tpc,i is the interface temperature between the cooling
plate and permeate of slice i ; and I; represents the inner radius of the cooling plate.

2.1.4 Heat transfer through the cooling plate

The heat is transferred through the cooling plate to the coolant side, this process can be

described by:

274
—T : N d
Q= In(r /r)( oci ~ Voo )N OX; (23)

Here, Q5 represents total heat transfer through the cooling plate of slice i; /14 represents
the cooling plate thermal conductivity; ch,i is the interface temperature between the coolant
and cooling plate of slice i ; and |; represents the outer radius of the cooling plate.

2.1.5 Heat transfer within the coolant channel

The heat transfer from the cooling plate surface to the coolant bulk flow of slice i can be

expressed by:

QG = ac,i (T i _ch,i)LYNngi (24)

CC,l

10
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Here, Q6 represents the total heat transfer from the cooling plate surface to the coolant bulk

flow of slice i;ch,i is the temperature for the bulk coolant flow of slice i; and & ; represents
the heat transfer coefficient on the coolant side, it can be obtained similarly as & ; ; and L7

is the circumference of the cooling plate based on its outer radius (). Here, because the
heat transfer from cooling plate to coolant occurs at the interface between coolant and

cooling plate, and the coolant flows through the cooling plate shell side, cooling plate outer

radius |7 is used to calculate the interface surface area for heat transfer in coolant channel.
The heat transfer of slice i for the coolant bulk flow can be calculated as:

Q, =My ,Cos Toos = Mey 1 CopinaT (25)

pch,i “cb,i ch,i+1~ peb,i+1 " ch,i+l

Here, Q7 represents total heat transfer for the coolant bulk flow of slice i; mcb,i and

M.y, ;.1 are the bulk coolant mass flow rates coming out and into the slice i, respectively;
Cpcb,i and Cpcb,iﬂ are defined as the specific heat capacities of coolant bulk flow coming

out and into the slice i, respectively; and ch,i and ch,m are temperatures for coolant bulk

flow coming out and into the slice i, respectively.
2.2 Numerical solutions

The following assumptions have been made to simulate the heat and mass transfers of
hollow fibre PGMD module:

e no heat loss to the surrounding atmosphere via the module shell;

¢ no heat loss due to the permeate production from the system;

e no changes in membrane porosity, thickness, and tortuosity;

¢ the heat transfer phenomenon within gap channels is mainly caused by conduction;
and

e gap width is constant for the gap between hollow fibre and cooling plate.

Due to the complicated geometry of the air gap in hollow fibore AGMD module, various hollow
fibore AGMD modelling studies [26, 27] made the assumptions that hollow fibres are uniformly
distributed and they have the same distance to the cooling plate. This is only an ideal

approximation as hollow fibres are usually distributed randomly with different distances to

11
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247  the cooling plate across the air gap [28, 29]. The above assumptions are also applied in our

248  hollow fibre PGMD study during the mathematical modelling.

249  Based on the above assumptions, it can be concluded that:
250 Q=Q,=0Q,=0Q,=0Q=0;=Q; =Qa (26)

251  Here, Qtrans represents the total heat transfer of slice i.
252  From Eqgs. (4), (18), (22), (23) and (24), the following equations can be obtained:

Q

253 —————=Tu, T, 27
ainLleNngi foi ~ ' m, (27)
Qs B
L N N dX ‘]vm,i latent
254 L ﬂl,z :Tfm,i_Tpm,i (28)
b,
Q,
255 :Tpm,i _Tpc,i (29)
275\ N, dx,
In(r, /r,) 9
Qs
256 :Tpc,i _ch,i (30)
27A, N dx
In(r, /r,) °
Q
257 @ ————=1 Ty 31
aC,iL7Nngi cc, cb, ( )
258  Combining Egs. (27 — 31) gives:
=U(,. -T J. h E
259 Quans =U (T = Toi + JumiMhaent /12) (32)

260  Here, U can be determined by:

12
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U=(
N, dx;

(33)
1

+—)"
a; LN, dx

Considering a vertical module, the hot feed is assumed to flow into the module from the top,
and the coolant flows counter-currently from the bottom. Thus, the input conditions, the inlet
temperatures for the coolant and feed, are at different x-positions. In order to solve the
differential equations for the mass and heat transfers, a matching scheme from the feed inlet
X=0 requires a value for the coolant exit temperature, which is an unknown to begin with. To

start the numerical solution, an initial guess of ch‘l is made, which is generally the average

temperature of the hot and coolant inlet temperatures. Based on this assumption, the

solution can be marched till the exit of the feed at Xn=1 and an estimated coolant inlet
temperature can be obtained. When the difference between the estimated and actual coolant
inlet temperatures is more than 0.00001 °C, the solution process is repeated with a new
guess on the coolant exit temperature at X=0 until convergence. A flowchart of the numerical

solution process is shown in Fig.3.
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Fig. 3. Simulation procedure for hollow fiore PGMD model
3. Material and experiments
3.1 Employed membrane and modules

Hollow fibre membrane were purchased from Tianjin Polytechnic University. The fibres were
previously examined [9] and a summary of its properties can be found in Table 1. The inner
surface contact angle and outer surface contact angle were 132° and 94°, respectively,

which demonstrate the hydrophobic property of the employed membrane. The relatively high

14
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Fig. 4 shows the detailed structure of hollow fibore PGMD module. As the fabrication process
of PGMD module has been described previously [20], a brief summary is provided here.
Firstly, High Density Polyethylene (HDPE) or Stainless Steel (SS) tubes were inserted into
the module shell (PE pipe) to establish the permeate gap channels (Fig. 4a). After fixing by
the epoxy resin compound, the excess HDPE or SS pipes were trimmed off (Fig. 4b).
Different numbers of hollow fibres were then inserted into each gap channel and potted by
epoxy resin compound subsequently (Fig. 4c). The excess hollow fibre were also trimmed off

to finalize the module fabrication (Figs. 4d and 4e).

It is worthwhile mentioning that great efforts have been made to 1) set the hollow fibre in the
center of the gap channel (1 hollow fibre), (b) uniformly distribute the hollow fibres within the
gap channel (2-3 hollow fibres), and (c) keep the hollow fibre as straight as possible to
prevent the hollow fibres from sticking to each other or to the inner surface of the gap
channel. However, as the lab-scale testing modules, it is difficult to perfectly control the gap
width (gap between hollow fibre and gap channel), especially when the hollow fibre packing

density becomes higher.

Tables 2 and 3 show the detailed properties of different modules and gap channels,

respectively. Table 4 shows the experimental operating conditions.
3.2 PGMD testing

Experiments with various operating conditions were undertaken to validate the developed
mathematical model. The process flow diagram for PGMD experiments is shown in Fig. 5.

Because the PGMD experiments have been explained in [9] and [20], only a brief description
is provided here. Due to the separation between the coolant and the produced permeate,
brine was used for both the hot feed and coolant. The brine was pumped through coolant
channel (membrane shell side) firstly and hot channel (membrane lumen side) subsequently
using a single peristaltic pump, which could save pump energy consumption compared to
other conventional MD processes. The gap channels were flooded by the permeate, the
excessive permeate flowed into a distillate reservoir. Based on the change of the distillate
reservoir weight over time (2-4 hours after flux stabilization), the flux can be estimated. Other

testing conditions can be found in Table 4.

17
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Table 1 Characteristics of employed hollow fibre membrane

Material Manufacture method Dimension Mean pore size Porosity LEP Contact angle
mm m % kPa 0
(mm) (M) (%) (kPa) )
Inner diameter Outer diameter Thickness Inner Outer
Polyvinylidene Non-solvent Induced Phase 0.81 1.11 0.15 0.15 81.7 240.8
Fluoride (PVDF) Separation (NIPS) process 132 + 3 94 + 2
Table 2 Properties of manufactured hollow fibre membrane modules
Module Material of cooling plate Number of Percentage of PE pipe Number of hollow Percentage of single gap Length of Surface area of
number gap channels  occupied by gap fibres within each channel occupied by hollow module (m)  hollow fibre
channels (%) channel fibre membrane (%) membrane (m?)
HDPE 8 14.8 1 15.3 0.35 0.0084
HDPE 8 14.8 2 30.6 0.35 0.0167
HDPE 8 14.8 3 45.8 0.35 0.0251
SS 8 51.6 1 6.0 0.35 0.0084

Table 3 Properties of gap channels

Inner diameter Outer diameter . b . ﬂ.
Thickness M,  Conductivity A,

(mm) (mm)
(mm) (W/m.K)
HDPE gap channel 2.84 3.40 0.28 0.445 [20]
SS gap channel 4.55 6.35 0.90 15 [20]

Table 4 PGMD testing conditions

Inlet temperature ("C) Volumetric flow rate (mL/min) Brine concentration (g/L NaCl)
Hot channel 40, 50, 60, 70 70-500 (0.28-0.69 m/s) 10
Coolant channel 20 70-500 (0.003-0.020 m/s) 10

19
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4, Result and discussion

4.1 Model validation with experimental data

To check the accuracy of the developed model, the experimental data is compared with the

predicted results from the model.

Experimental results of module 1 (8 HDPE gap channels, and each gap channel holds 1

hollow fibre inside) are used to validate the effects of feed inlet temperature and velocity.

Fig. 6 shows that the experimental data of module 1 obtained with different velocities but a
fixed hot inlet temperature (70 "C) are very close to the simulated results obtained from the
model, and Table 5 demonstrates that the errors between the experimental outcomes and
modelled results are in the range of approximately * 5%, which are smaller than the typical
experimental error of £ 10%. The model predicts an asymptotic flux trend as the feed
velocity increases. This phenomenon has been identified by many other studies [14, 30, 31],
which is mainly due to temperature polarization being unable to be further reduced for a
fully-developed flow condition. Furthermore, the concentration polarization is higher with the

increasing flux [32], which will adversely affect the vapour pressure.

12
10
= g 2y
E
—
x 8 .
5 —— Simulated (Module 1)
L
4 ¢ Experimental (Module 1)
2 \ : T -
0.2 0.3 0.4 0.5 06 0.7 0.8

Velocity (m/s)

Fig. 6. Simulated and measured results with different feed velocities (70 °C hot inlet

temperature)

Table 5 Relative errors between predicted and experimental results (70 °C hot inlet

temperature)

Hot feed velocity (m/s) 0.28 0.40 0.53 0.69
Error (%) -5.04 -4.46 -1.18 2.89

Fig. 7 demonstrates that the difference between modelled results and experimental results of
module 1 obtained with a fixed feed velocity (0.69 m/s) but different hot inlet temperatures.

The comparison (Table 6) shows that, again, the model predictions agree with the
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experimental results to within & 10% for the given experimental conditions. The model also
successfully predicts a more significant flux increase with higher feed inlet temperature,
which is attributed to the fact that vapour pressure increases exponentially with feed inlet

temperature [33, 34].
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Fig. 7. Simulated and measured results with different feed inlet temperatures (0.69 m/s feed

velocity)

Table 6 Relative errors between predicted and experimental results (0.69 m/s feed velocity)

Feed inlet temperature ("C) 40 50 60 70
Error (%) -6.93 158 225 2.89

Both Tables 5 and 6 show that the relative errors systematically increase from less than zero
to larger than zero as the flux increases when feed velocity and feed temperature become
greater. This phenomenon is probably attributed to the assumption of ‘no heat loss due to
the permeate production’. Increased flux in the experiments will result in more heat loss in
the permeate gap and lower the temperature in the gap channel. As a result, the actual
temperature within the permeate gap will be lower than the modelled temperature. Since the
flux is predicted based on the temperatures in the feed and permeate gaps, the lower

predicted temperature difference would lead to a lower flux than that of the experiments.
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Fig. 8. Simulated and measured results with different hollow fibre densities (0.69 m/s feed

velocity)

Table 7 Relative errors between predicted and experimental results (0.69 m/s feed velocity)

Feed inlet temperature (°C) 40 50 60 70
Module 1 -6.93 158 2.25 2.89
Error (%) Module 2 -9.22 -484 -10.46 -4.61

Module 3 -15.87 -28.93 -26.55 -23.55

Experimental and simulated results of modules 1, 2 and 3 at various hot inlet temperatures
can be found in Fig. 8. Similar to module 1, both module 2 and module 3 have 8 gap
channels. A single gap channel of module 2 and 3 are filled by 2 and 3 hollow fibres,
respectively. The simulated flux decreases as a function of fibre packing density, which is
confirmed by the experimental results. This phenomenon can be explained by two main
reasons [20]. Firstly, more permeate will be produced for the module with larger membrane
surface area (higher hollow fibre density), which results in greater temperature increase in
the gap channel and reduced vapour pressure difference across the hydrophobic
membrane. In addition, a higher fibre packing density could lead to a less effective
membrane surface area for permeate production as the hollow fibres could be attached to
each other. Furthermore, a lower hollow fibre density will cause less dead mixing zone within

the module due to the existence of transverse flow [35].

Table 7 shows that the differences between simulated and experimental results for modules
1 and 2 are within approximately £ 10%, while the differences for module 3 are much larger
(-20% to -30%). This phenomenon could be mainly attributed to the modelling assumptions
that hollow fibres are uniformly distributed and they have the same distance to the cooling
plate across the water gap. The outer diameter of hollow fibre membrane and the inner

diameter of HDPE gap channel are 1.11 mm and 2.84 mm, respectively. When 3 hollow
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fibres are inserted into the gap channel, the hollow fibres will inevitably be in contact with
each other or to the inner surface of the cooling plate, the hollow fibres lose their full contact
with fluids and the dead mixing zones are created. Compared to the experimental results,
the model predicts the flux under optimal conditions, and subsequently, overestimates the
flux. The error of the prediction becomes greater when hollow fibre density is higher as
contact between fibres becomes more likely. In order to reduce the effects of these
assumptions, baffles or spacers could be used within the PGMD module to help the uniform

distribution of the hollow fibres.
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Fig. 9. Simulated and measured results with different cooling plate materials (0.69 m/s feed

velocity)

Table 8 Relative errors between predicted and experimental results (0.69 m/s feed velocity)

Feed inlet temperature ("C) 40 50 60 70
Module 1 -6.93 158 225 2.89
Module 4 549 125 7.42 15.24

Error (%)

The simulated and experimental results of modules 1 and 4 with different cooling plate
materials are presented in Fig. 9. The model predicts that a higher flux can be achieved for
the module made of SS cooling plate. Similar results are obtained from experiments.
Previous study [20] advises that the sensible heat transfer is proportional to the ratio of

cooling plate thermal conductivity (14 ) to the thickness of cooling plate (bz ), the value of

2’4

b_ for HDPE cooling plate is significantly lower compared to that of SS cooling plate,
2

indicating a lower thermal resistance for module 4. This will subsequently lead to a bigger
vapour pressure difference between the hydrophobic membrane surfaces and higher flux for

module 4. Table 8 shows that the difference between simulated and experimental results are
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all within £10%, except for one result of module 4 at 70 °C hot inlet temperature (15%).
Aforementioned, this high error was probably attributed to the higher heat loss because of

the increased flux (higher permeate production).

In addition to the thermal conductivity and thickness, the SS gap channel has different inner
and outer diameters compared to HDPE gap channel, which will change the hydrodynamics
within the coolant channel and permeate gap simultaneously. To understand the effects of
different design parameters (inner/outer diameters and conductivity of gap channel) on flux,
a sensitivity study based on the developed model was undertaken, which is further

discussed in Section 4.2.4.
4.2 Effects of design parameters and operating conditions

The validation and discussion shown in Section 4.1 demonstrate that the developed model
can successfully simulate the mass and heat transfers within hollow fibore PGMD module.
The model is now utilized to analyze the effects of other important module design
parameters and operating conditions on flux and energy efficiency. The outcome will help to

optimize hollow fibre PGMD process.

The effects of feed inlet temperature and feed velocity on flux and energy efficiency of
PGMD have been extensively discussed in our previous investigation [9], this simulation
study focuses on the effects of coolant inlet temperature, coolant velocity and cooling plate

materials on flux and energy efficiency of PGMD module.

Here, the energy efficiency of PGMD module is indicated by Specific Thermal Energy
Consumption (STEC), which is the thermal energy required to produce 1 kg of permeate

water. It can be calculated by:

STEC = —Qheat (34)

mpg

Here, Qheat is defined as the external thermal power input, and it can be calculated by the

coolant outlet temperature and hot inlet temperature.

To facilitate the discussion, the simulated results obtained from a base case (case 1) is
compared to the results based on other designs or operating conditions. Module 1 operated
with 0.69 m/s hot feed velocity and 70 °C feed inlet temperature is used as the base case

(case 1).

4.2.1 Effect of coolant velocity
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Fig. 10. Effect of coolant velocity on flux and STEC (0.69 m/s hot feed velocity and 70 °C hot

inlet temperature)

Due to the unique module characteristics, PGMD module normally has the same flowrate for
coolant and feed flows, and the effect of coolant flow rate has not been extensively

investigated compared to DCMD module.

Our hollow fibre PGMD module was tested under a one-pump system, the volumetric
flowrate of coolant is the same as that of the hot feed. The cross sectional area of feed
channels is considerably smaller than that of cold channel, therefore, the coolant velocity is
approximately one to two orders of magnitude lower than hot feed velocity (see Table 4)
[20]. Temperature polarization of the coolant channel is high due to the extremely low
coolant velocity (velocity: 0.003 — 0.007 m/s, Re: 30 — 74). To understand the impact of
coolant velocity on PGMD performance, the model was used to simulate flux and STEC with

higher coolant velocity.

Fig. 10 shows that flux only increases 4.0% and 5.4% when the coolant velocity increases
10 (0.068 m/s) and 100 times (0.68 m/s) compared to that of case 1 (0. 0068 m/s), showing
a minimum impact of coolant velocity. Here, the hot feed velocity remains constant at 0.69
m/s during all simulations. Other studies [30, 36] evaluated the effect of cold permeate
velocity on flux for DCMD systems. They concluded that cold permeate velocity has
insignificant impact on flux compared to feed velocity since the feed side is the source of
vapourization and controls the permeation process [36]. For PGMD module, the coolant
does not contact with membrane directly and its effect on flux is expected to be lower.
Furthermore, coolant velocity has no impact on the temperature polarization in the gap

channels, consequently, the effect of coolant velocity on permeate is minimum.

It can also be seen from Fig. 10 that the STEC increases approximately by 21.2% when the
coolant velocity increases from 0.0068 m/s to 0.068 m/s, and further increase in coolant

velocity will result in a minimum increase in STEC. Lu et al. [32] studied the effect of distillate

25



470
471
472
473
474
475
476
477
478
479
480
481

482

483

484
485

486
487
488
489
490
491
492
493
494

495
496

velocity on specific energy consumption using DCMD module, which included both thermal
energy consumption and pumping energy consumption. Similar to our results, they identified
that the specific energy consumption for heating increased with increasing distillate flow rate.
In our study, a higher coolant velocity will lead to a lower coolant outlet temperature, and
therefore, more external thermal energy is required to heat the brine to the pre-set hot feed
inlet temperature. Although the flux is higher with the increasing coolant velocity, the
increase in thermal energy input is more rapid than the increase of flux, consequently, STEC
increases as a function of coolant velocity. When the coolant velocity is higher than 0.068
m/s, the coolant outlet temperature is very close to the coolant inlet temperature (20 °C),
further increase in coolant velocity will not result in a significant change in external thermal
energy input, as a result, a minimum increase in STEC is observed with the further increase

in coolant velocity.

4.2.2 Effect of coolant inlet temperature
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Fig. 11. Effect of coolant inlet temperature on flux and STEC (0.69 m/s hot feed velocity and

70 °C hot inlet temperature)

Fig. 11 shows the effects of coolant inlet temperature on flux and STEC. It can be seen
clearly that the flux decreases as a function of coolant inlet temperature, and it decreases
more significantly at higher coolant inlet temperature. This is due to the exponential
relationship between vapour pressure difference and temperature difference across the
membrane. Furthermore, compared to the effect of hot inlet temperature on flux shown in
Fig. 7, the coolant inlet temperature has a less impact on flux. Cheng et al. [18] used hollow
fibre membrane module to compare the performance of AGMD with PGMD. They identified
the similar results as the flux increased exponentially with increasing hot inlet temperature

but only decreased gradually with increasing coolant inlet temperature.

Alklaibi et al. [30] reviewed the impacts of coolant inlet temperature of various MD studies.

They suggested that changes in coolant temperature can result in more than a 1-fold
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increase in flux (inlet temperature difference between hot and coolant channels: 30 — 50 °C),
although the effect of coolant inlet temperature was considerably lower compared to that of
hot inlet temperature. In our study, there is less than a 1-fold improvement of flux when the
coolant inlet temperature changes from 50 “C to 20 °C. This indicates that coolant inlet
temperature for hollow fibre PGMD has even less effect on flux compared to DCMD. This
phenomenon is due to the permeate gap of PGMD module adding to the heat transfer
resistance, so a temperature decrease in the cold channel cannot effectively change the
vapour pressure difference between the membrane surfaces. Furthermore, this phenomenon
makes PGMD module more suitable for multi-stage application. The coolant effluent from an
upstream stage can be used as the coolant influent for the next stage in multi-stage
processes, and the flux does not decrease significantly when coolant temperature increases

along the stages.

It can also be seen from Fig. 11 that the STEC decreases as a function of coolant inlet
temperature, from 5.34 kWh/kg at 20 °C coolant inlet temperature to 3.87 kWh/kg at 50 °C
coolant inlet temperature. With a higher coolant inlet temperature, a lower external energy
input is required, and the external thermal energy input decreases more rapidly than the

decrease of flux, as a result, STEC decreases with the increasing coolant inlet temperature.

4.2.3 Effect of cooling plate thermal conductivity
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Fig. 12. Effect of cooling plate thermal conductivity on flux and STEC (0.69 m/s hot feed

velocity and 70 °C hot inlet temperature)

Fig. 12 demonstrates the effect of cooling plate thermal conductivity on flux and STEC. The
coolant inlet temperature of 20 “C, hot inlet temperature of 70 °C, and hot feed velocity of
0.69 m/s were used as the inputs for the model. The cooling plate thermal conductivity was
changed from 0.1 W/m.K to 20 W/m.K.

Fig. 12 shows that the flux and STEC are 14% higher and 17% lower, respectively, when the

thermal conductivity of cooling plate changes from 0.1 W/m.K to 5 W/m.K, and there is no
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significant changes in flux and STEC when cooling plate thermal conductivity increases
beyond 5 W/m.K. With a higher cooling plate thermal conductivity, the heat transfer from the
gap channel to coolant channel is enhanced, the temperature in the gap channel becomes
lower, but the temperature within the coolant channel is higher. Thus, the flux will be higher
due to the greater temperature difference between membrane surfaces, but less external

thermal energy input is required because of the better internal thermal energy recovery.

Fig. 13 shows the temperature profiles for modules 1 and 4 with 0.69 m/s hot feed velocity
and 70 °C hot inlet temperature. It clearly shows that the temperature difference across the

cooling plate for module 1 (between T_ and Tpc) is approximately 4 °C, but the temperature
difference across the cooling plate for module 4 is less than 0.2 °C. This indicates that if the

cooling plate thermal conductivity is high enough, the interface temperature between the

coolant and cooling plate (T, ) is nearly the same as the interface temperature between the
permeate and the cooling plate (Tpc ). Further increase in cooling plate thermal conductivity

will not significantly improve the heat transfer through the cooling plate and permeate gap,

and subsequently, the flux and STEC will not be improved significantly.

a) HDPE cooling plate thermal conductivity of 0.445 W/m.K
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b) SS cooling plate thermal conductivity of 15 W/m.K
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543  Fig. 13. Temperature profiles for modules 1 and 4 (0.69 m/s hot feed velocity and 70 "C hot
544  inlet temperature)

545  Fig. 14 shows further details on the effect of cooling plate thermal conductivity on

546  temperature difference between the cooling plate surfaces. It is suggested that 5 W/m.K is
547  considered as the critical thermal conductivity value for the cooling plate. When the cooling
548 plate thermal conductivity is higher than 5 W/m.K, the heat transfer resistance through

549  cooling plate becomes negligible, and therefore, it has minimum impact on flux and STEC.

550 In addition to the high conductivity cooling plate, other highly conductive materials (such as
551 metal mesh) could be inserted into permeate gaps to further improve hollow fiore PGMD

552  performance.
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554  Fig. 14. Effect of cooling plate thermal conductivity on temperature difference across cooling
555  plate (0.69 m/s hot feed velocity and 70 “C hot inlet temperature)

556 4.2.4 Sensitivity study of different gap channel properties
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Fig. 15. Sensitivity study of different design parameters (inner/outer diameters and

conductivity of gap channel)

During the PGMD experiments, it was identified that module 1 made of HDPE cooling plate
had a lower flux compared to that of module 4 made of SS cooling plate. It was suggested
this is mainly caused by the higher thermal conductivity of SS compared to HDPE. The

simulated results also show the similar outcomes.

The HDPE gap channel had a smaller inner/outer diameters compared to the SS gap
channel, consequently, the hydrodynamics of coolant and permeate gaps will be influenced
in addition to the thermal conductivity when SS gap channel is used to replace HDPE gap
channel. Here, a typical One-At-A-Time approach was used to evaluate the effects of
different parameters (gap channel conductivity, gap channel inner dimeter and outer

dimeter) on PGMD performance.

Table 9 shows the model inputs for design variables of 5 cases. As mentioned before, the
base case (case 1) is based on module 1 with HDPE gap channel operated with 0.69 m/s
hot feed velocity and 70 °C hot inlet temperature.

Table 9 Design parameters of sensitivity analysis

Gap channel conductivity Gap channel inner diameter Gap channel outer diameter

(W/m.K) (mm) (mm)
Case 1 0.445 2.84 3.40
Case 2 0.445 2.84 6.35
Case 3 15 2.84 6.35
Case 4 0.445 1.60 3.40
Case 5 15 1.60 3.40

Fig. 15 shows the flux of each case and the percentage of relative flux change based on

case 1.
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For case 2, the gap channel conductivity and gap channel inner diameter are kept the same
as case 1, but the gap channel outer dimeter is increased to 6.35 mm, which is the same as
SS gap channel outer diameter. The simulated results show that the flux of case 2 is 6.74%
lower than that of case 1. The larger outer dimeter of gap channel will result in a better
hydrodynamic flow within the coolant channel due to the higher coolant velocity, but it will
also lead to a higher thermal resistance of the gap due to the larger thickness. Because of
the lower flux of case 2, it can be concluded that the higher thermal resistance plays a more
important role compared to the better hydrodynamics. This phenomenon could be attributed
to two possible reasons. Firstly, although the coolant velocity of case 2 (0.019 m/s) is
approximately 1.8 times higher than that of case 1 (0.0068 m/s), the decrease of
temperature polarization for case 2 is limited as the coolant is still under laminar flow.
Secondly, the gap thermal conductivity is low and a thicker gap will result in a higher thermal

resistance.

Compared to case 2, the gap channel thermal conductivity is increased to 15 W/m.K from
0.445 W/m.K, the inner and outer diameters of the gap are still 2.84 mm and 6.35 mm for
case 3, respectively. The simulated result from Fig. 15 shows that the flux for case 3 is
5.08% higher than that of case 1. This result confirms that the gap channel thermal

conductivity has a more critical role compared to cold velocity.

For case 4, the gap thermal conductivity and gap channel outer dimeter are the same as
those of case 1, but the gap channel inner dimeter is decreased to 1.60 mm. The model
result shows a minor decrease of flux (2.93%) compared to case 1. This phenomenon can
be explained by the fact that HDPE gap channel has a slightly lower thermal conductivity
(0.445 W/m.K) compared to that of water (0.6 W/m.K at 20 °C). The flow within the permeate
gap is nearly stagnant [9], as a result, the permeate within the gap channel can be
considered as an annular layer outside of the hollow fibore membrane. For case 4, when the
gap channel inner dimeter is decreased, the thickness of the water annular layer is
decreased and the thickness of gap channel with lower thermal conductivity is increased.
Consequently, the overall thermal resistance of gap channel and water layer is higher, and

flux is decreased accordingly.

For case 5, the gap channel inner and outer diameters are the same as those of case 4, but
the thermal conductivity of gap channel increases to 15 W/m.K. The simulated result shows
a 7.53% increase in flux of case 5 compared to case 1. Similarly, this phenomenon is due to

the overall less thermal resistance of the gap channel and water layer.

Both Francis et al. [7] and Khalifa [14] investigated the effect of gap width on PGMD

performance using flat sheet membrane modules. Francis et al. [7] identified that the effect
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of gap width on flux was negligible. On the contrary, Khalifa [14] found that a higher gap
width generally reduced the flux because of the increased heat transfer resistance.
Compared to the above flat sheet PGMD studies, the changes in gap channel (inner/outer
diameters and thermal conductivity) of hollow fibore PGMD module in our study result in a
more complex combination (hydrodynamics in coolant and permeate gaps and thickness of
gap channel). Based on the above discussion, it is suggested that the larger outer diameter
of the gap channel can benefit the hydrodynamic flow within coolant channel, but its effect
on flux is very low when the gap channel thermal conductivity is low. The effect of gap
channel inner diameter on permeate gap hydrodynamic flow is negligible, because the
permeate overflow velocity is extremely low. Overall, the gap thermal resistance plays a
more important role in PGMD performance.

4.2.5 Effect of multi-stage process on energy efficiency

1 5 9 12 16 20
Number of stage (-)

Fig. 16. Effect of number of stages on energy efficiency

Compared to a single stage process, a multi-stage process will maximize the internal heat
recovery of PGMD to improve energy efficiency. Furthermore, it is still possible to utilize the
high velocity to improve the flux and decrease the temperature polarization [20].

Here, the effect of multi-stage process on energy efficiency of module 1 is evaluated using
the developed model. In the simulation, multiple PGMD modules (module 1) are connected
in series. The brine is cooled to a pre-set temperature before flowing through the cold
channel of the first module. It is then pumped through each module’s cold channel and
comes out from the last membrane module. Afterwards, the brine enters into the hot channel
of the last module via a heater. It flows reversely to the first module through the hot channel
of each module. The following values are used as the model inputs: the coolant and feed
velocities are 0.0068 m/s and 0.69 m/s, respectively; the coolant and hot inlet temperatures

are 20 ‘'C and 70 °C, respectively (here, the flowrates of feed and coolant are identical).
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Gain Output Ratio (GOR) is used here to indicate the energy efficiency of PGMD module.
When GOR is higher than 1, it demonstrates the process can save thermal energy rather

than the pure evaporation process with no heat recovery [37].

GOR can be calculated by:

Mpq -h
GOR = pg- latent (35)

heat
Fig. 16 shows that the GOR increases as the number of stages increases, from 0.12 with a 1
stage unit to 2.4 with a 20 stage unit. When there are more than 9 stages of PGMD modules,
the GOR becomes higher than 1. Cipollina et al. [17] used a predictive model to simulate the
behavior of multi-stage flat sheet PGMD and found that GOR can increase 20 times from a 1
stage unit to a 9 stage unit, and may reach a value between 3 and 4. With a similar flowrate
(200 mL/min), GOR from their study became more than 1 with a 3 stage unit, which is much
less than that of our study. They suggested that the most energy efficient system should
have more stages with larger membrane surface area. The effective membrane surface area
of the single module from their study is 0.042 m?, which is 5 times larger than that of our
hollow fibre PGMD module. Consequently, the GOR of their module reaches 1 with only 3
stages. Module 1 from this study has relatively low densities for hollow fibres and permeate
gaps, but a full scale hollow fibore membrane module normally has a higher hollow fibre

density and larger specific surface area [20], which will result in an increased GOR value.
4.3 Roles of different parameters in PGMD optimization

An optimal PGMD module design should result in a higher flux and better energy efficiency,
however, various studies [38-40] observed a trade-off between flux and energy efficiency,
because it is difficult to obtain a better energy efficiency and high flux simultaneously. The
discussion in Section 4.2 confirms that change in one parameter (or operating condition)
could lead to the beneficial effect on flux and unfavourable result in energy efficiency, but the
degree of influence could be different. To evaluate the roles of different parameters in PGMD
optimization, an indicator ‘flux equivalent (flux.eqv)’ is used here to combine the flux and

GOR into one parameter.
Introduced by Liu et al. [41], flux.eqv can be calculated by:

flux.eqv = flux*GOR (36)

Mathematical simulation is undertaken with different inputs for various design parameters,

the flux.eqv is then calculated, and the ideal condition is determined for the design with the
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highest flux.eqv. As mentioned in Section 4.2, this study only focuses on the effects of
coolant velocity, coolant inlet temperature and cooling plate thermal conductivity on flux and
energy efficiency, and 0.69 m/s feed velocity and 70 °C hot inlet temperature are used as the
inputs for optimization study. The gap channel density and hollow fibre packing density are
the same as those of module 1. Other model inputs for different design variables could be
found from Table 10.

Based on the simulation results, the deviation from the optimal condition (percentage of
relative flux.eqv change) can be determined and the roles of different parameters in PGMD

optimization can be evaluated.
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Fig. 17. Roles of different parameters in PGMD optimization

For the variation 1, the coolant velocity is 100 times higher than that of the optimal condition,
other model inputs are the same as optimal condition. With the higher coolant velocity, flux
will be higher, but the increase in flux is not adequate to compensate the decrease in GOR,
as a result, flux.eqv is 16% lower. For the variation 2, with the higher coolant inlet
temperature, the energy efficiency (GOR) is higher, similarly, the increase in GOR is not
enough to compensate the decrease of flux, because flux decreases exponentially with
decreasing temperature difference across the membrane. For variation 3, with a lower
cooling plate thermal conductivity, both flux and GOR will be lower, the flux.eqv is 27% lower

than that of the optimal condition.

Table 10 Model inputs of different design variables for optimization study

Coolant inlet temperature  Coolant velocity Cooling plate thermal conductivity

(‘c) (m/s) (W/m.K)
Optimal 20 0.0068 5
Variation 1 20 0.68 5
Variation 2 50 0.0068 5
Variation 3 20 0.0068 0.1
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Based on the above discussion, it could be suggested that the cooling plate thermal
conductivity plays the most important role in PGMD optimization. The increase of cooling
plate thermal conductivity has beneficial effects on both flux and energy efficiency.
Compared to the coolant velocity, coolant inlet temperature has a more significant impact on
PGMD performance, which is probably due to two main reasons. Firstly, flux has an
exponential relationship with the temperature difference across the membrane, although the
effect of coolant inlet temperature in PGMD is expected to be lower than that of DCMD.
Secondly, coolant is not in direct contact with the membrane, the temperature /
concentration polarizations cannot be effectively decreased by the increasing coolant

velocity.
5. Conclusions

In this study, the mass and heat transfers of hollow fiore PGMD module was simulated using
a mathematical model. The model has been firstly validated by experimental results, and the
difference between simulated results and experimental results were within the experimental
error range except for the high hollow fibre packing density when the model overestimates
the flux. The main reason for this phenomenon is that the model simulates the flux under
optimal situation where hollow fibre has the full contact with both feed and permeate, but
actually the fibres may touch each other leading to a reduced effective membrane area.

The validated model was then utilized to evaluate the effects of various design parameters
and operating conditions on PGMD performance. It is identified that coolant velocity and
coolant temperature have less impact on flux compared to those of DCMD, because the
coolant of DCMD contacts with membrane directly. Furthermore, the coolant velocity of
PGMD is extremely low, so it is difficult to decrease the temperature polarization of coolant

channel effectively.

The model also suggests that the higher flux and better energy efficiency could be obtained
for the module with highly conductive cooling plate. However, when the cooling plate thermal
conductivity is higher than 5 W/m.K, the temperature difference across the cooling plate is
minimum and further increases in the cooling plate thermal conductivity has the negligible
impacts on flux and STEC. In application, the use of highly conductive material needs to be

balanced with the cost.

A sensitivity study is undertaken to analyze the combined effects of gap channel inner/outer
diameters and gap channel thermal conductivity on flux. It is concluded that the changes in
gap channel (inner/outer diameters and thermal conductivity) of hollow fibore PGMD module
will result in a more complex combination (hydrodynamics in coolant and permeate channels

and thickness of gap channel) compared to other flat sheet PGMD studies, and the gap
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thermal conductivity has a more significant effect on flux compared to the hydrodynamic

flows within the permeate and coolant channels.

The effect of multi-stage processes on energy efficiency is evaluated by the developed
model. The results suggest that the GOR increases as increasing number of stages, it
reaches 2.4 for a 20 stage unit. The energy performance could be further improved when
higher gap channel density or hollow fibre density is applied.

The roles of different parameters in PGMD optimization is finally discussed, taking both flux
and energy efficiency into consideration. Based on the modelling results, it could be
suggested that cooling plate thermal conductivity plays the most important role in PGMD

optimization compared to the coolant velocity and coolant inlet temperature.
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