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List of symbols

Agooviiiin. surface area of heat exchanger

Cpevvnnnnn specific heat capacity (unit J/kg-K)

Croviinnnn. capacity ratio

Ch,Ceovovi .. hot and cold heat flow capacities (= ric,, unit W/K)
H......... enthalpy

hiy hoe oo heat convection coefficient of inner and outer fluid (unit W/K-m)
koo, thermal conductivity of tube metal wall (unit W/K-m)
Lo........ tube length

Lo..... typical /characteristic length scale

LMTD, ATj,. .. ... log-mean temperature difference (unit K)

Mpy, M2 - . mass flow-rate of hot fluid or hydrogen gas (unit kg/s)

e, TVH2O - «+ e v v e - mass flow-rate of cold fluid, coolant or water (unit kg/s)
NTU...... number of transfer units

P, Pyt ... .. inlet and outlet gas pressures

Pr.o........ Prandtl number

Q...... cooling power, heat transfer rate (unit kW)

R...... thermal resistance (unit K/W)

Tiy Toernnn. inner and outer tube radius

Re......... Reynolds number

Thins Thoout> Te,ins Teout- - - - inlet and outlet temperatures of hot and cold fluids
U......... effective heat transfer coefficient (unit W/m? - K)

v, Vg, Vcool- - - - - velocity of gas and coolant (unit m/s)

AT......... temperature drop in hydrogen gas

Eeinnnn. effectiveness of heat exchanger

/A dynamic viscosity of fluid (unit Pa-s)

Do, density of fluid (unit kg/m?)
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Abstract

The purpose of this report is to give some basic facts about heat exchangers and
to summarize a series of fluid heat transfer simulations done on a simple counter-flow
concentric tube heat exchangers that can be used for hydrogen gas filling systems. The
gas and coolant mass flow-rates as well as pressure and temperatures were chosen to
be in a range suitable for filling medium sized fuel tanks at hydrogen flow-rates of 1 -
15kg/min. The possibilities when using some typical coolants, such as water and ethylene
glycol-water mixtures, are presented. Effects that limit the efficient heat transfer between
hydrogen gas and coolant will be discussed. The appendices give some tables for typical
values of heat transfer coefficients as well as the minimum cooling power and the flow-rate
needed to fill a hydrogen fuel tank of medium size in a fast and safe way.
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1 Introduction

The use of hydrogen as an energy carrier is moving into new sectors of the society and in
particular into the transportation sector. Car, buses, and trucks are now running on hydrogen
gas (Hz). In the marine shipping sector, compressed hydrogen gas and even liquid hydrogen
are slowly being introduced as fuel source for propulsion of cargo ships and ferries. Even in
aviation, hydrogen is being tested. Finally, hydrogen is now being explored for use in trains
and locomotives. The European RaildEARTH-project, which is funded by the Europe’s Rail
Joint Undertaking [1], explores the different aspects of replacing diesel as fuel on rail tracks
that cannot be supplied by power from electrified lines. Important aspects to be studied
are fuel cells for use on the rolling stock, the train hydrogen refueling stations, and the
safety aspects of using hydrogen. Since battery powered trains are limited to about 150 km
autonomous operation on batteries (goal in RaildEARTH is to extend range to 200km),
hydrogen solution with fuel cells will be needed for longer distances, up to 1000 km between
refueling. Passenger trains with 150-200 seats and 2-3 cargoes will typically need four onboard
storage tanks containing about 100 kg of Hy at 350 bar pressure. The fueling time at the
station should not be more than about 15 min. These trains can run at speeds up to 160 km /h
and may need a max power up to 1.7 MW. At the fueling station, the compressed gas can
be produced locally by electrolyzing units with capacity of about 200 kg of Hy per day and
will be stored in fixed or mobile units with capacity of up to about 200 kg Hy at 500 bar.
In order to reduce heating of the Ho during filling, heat exchanger cooling systems have to
be installed at the filling station. Different from most other gases, Hy has a negative Joule-
Thomson coefficient, (%)H ~ —0.03 K/bar, near room temperature. This means that the
gas will heat up during filling into a nearly empty tank, and pre-cooling in a heat exchanger

may be needed to avoid heating above the upper temperature limit of the tank.

2 Heat exchangers

Heat exchangers (HX) come in a variety of different types [2, 3, 4, 5|. The simplest are
double pipe heat exchangers where one fluid is flowing in a tube mounted inside an outer
tube containing another fluid (liquid or gas) - the coolant - in its “annulus region”. These
systems come in two main types, parallel flow with both fluids entering on the same side and
counter flow where the flow direction of the fluids are opposite (see Fig. 1). Such double pipe
exchangers can also be made into more complex, bent shapes (e.g. multi-pass HX ), and fins
can be added to increase the effective surfaces area between the two fluids.

In other types of heat exchangers, the flow directions of the fluids are perpendicular to
each other, so-called cross-flow HX. Also, larger shell-and-tube heat exchangers, which have
a large number of tubes packed into an outer shell, are used in industrial applications. Larger
temperature changes in one of the fluids can be obtained by using condensers or evaporators.
In these, one of the fluids transfer or absorb heat from the other fluid by changing from gas
to liquid state (or the opposite).

The capacity of a heat exchanger will depend on its field of application. For bunkering of
ships and ferries, several tons of hydrogen need to be transferred in one hour or less, which
implies a mass transfer rate of 0.5 kg/s or more. For cars a typical tank of 100 1 can contain

6 kg at 700 bar and will be filled in less than 5 min, corresponding to a mass transfer rate
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of 0.02 kg/s. Filling 100 kg to a train in 15 min, gives a transfer rate of 0.1 kg/s. Thus, the
construction, capacity and capability of the heat exchanger will differ in these cases, heavily

dependent on the gas transfer rate. These differences will be explored in the following sections.

2.1 Some theory of counter-flow heat exchanger systems

In double pipe heat exchangers the thermal resistance R to heat transfer from hot fluid to

the colder fluid can be modeled similar to a resistor network

1 In (ro/r;) I |
h;2mr; 2mkL ho2nr, U-A,’

Riotal = Rinner + Ryan + Router = (1)
where h;, h,, and k are the heat convection coefficients of the inner and outer fluid, and the
thermal conductivity of the tube metal, respectively, while r; and r, are radius of the inner
and outer concentric tubes, and L is the length of the tubes. U is called the effective heat
transfer coefficient and A is the effective heat transfer surface. The effective heat transfer
coefficient in units of W/m2.k vary from 10-40 for gas-to-gas systems to 1000 or more for
liquid-liquid systems (e.g. water-to-water) and can reach up to 10000 for evaporators and
condensers. The product U - A, (in W/K) is the important parameter for characterizing a heat
exchanger system. It is the transferred heat per degree of temperature difference between the
fluids.

The heat transfer will be dominated by the smallest heat transfer coefficient of the fluids
if they are significantly different. In many cases the thermal resistance in the wall Ry,q; can
be neglected (i.e. thin wall) and if Ay < hg (1 or 2 being inner or outer fluid), then U ~ h;.
This can often occur when one fluid is a gas and the other is a liquid.

In order to characterize heat exchangers, various characteristic numbers are used. To
have one typical number for the temperature difference between the two sides, the Log-Mean
Temperature Difference (LMTD) is often used. LMTD can be defined as

ATy, — AT,

ATlm = In (ATl/AT21)7 (2)

and the effective heat transfer rate Q can be calculated as
Q = UA,AT),. (3)

The definitions of the temperature differences AT; and AT5 depend on the type of double pipe
HX. Using subscripts h and ¢ for hot and cold flow, then for counter-flow ATy = T}, j,, — T¢ out

’J“Th. out
—

Te, in L Te, out

Th, in|li
—

Th.in

Te, out

Th, out /-—"7
Te, in

Figure 1: Counter-flow heat exchanger (top) and temperature variations within the hot and
cold flows. (Adapted from [6].)
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and ATy = T, oyt — Tt in, i.e., the temperature differences at the hot-in side and hot-out side,
respectively. ! It can be shown that LMTD for for a counter-flow heat exchanger will always
be larger than that for a similar parallel flow HX, and thus will be more energy efficient. For
more complex types of heat exchangers, a correction factor for the shape has to be taken into
the definition of LMTD.

With 1. and i, being the mass flow-rate (in kg/s) of the cold and hot fluids and ¢, being
their heat capacities, one can define the heat flow capacities C, = mpcpp and C, = MeCp,c of
the hot and cold fluids.

The effectiveness € of a heat exchanger depends on its geometry and on the flow arrange-

ment. Now, assuming C, > Cj, the effectiveness is defined as

_ Q _ Thﬂ'n — Th,out
Qmag; Th,zn - Tc,in

€ (4)
If C’c < C’h, then T}, 4, — Th out 1s replaced by Tt out, — Tt in in the equation above.

Thus, the overall heat transfer coefficient U is the most important parameter for a given
HX system, and when this and the contact surface A; are known, the hot and cold outlet
temperatures can be calculated. With C’mm and C‘max being the smallest and largest, respec-

tively, of C, and Cy, the maximum possible value of heat transfer between the two fluids will

be Qmax = Chin (Th.in — Te.in)- Now, defining — L —_1 _ L it can be shown that
’ ’ Cdsz Cmin Cmaz
1 —exp (—UAS)
Ca;
1 Cmazx eXp < Cdiff >
The outlet temperatures are then:
Th,out - Th,in — & (Th,m - Tqin) (6)
Cmin
quut - Tc,in + = (Th,z‘n - Th,out) (7)
max

The heat transfer in heat exchangers can be generalized by introducing dimensionless

numbers, such as capacity ratio C,, effectiveness €, and NT'U, as described in Appendix 1.

3 Computational fluid dynamics simulations of heat exchanger

Heat transfer rate Q and effectiveness e for heat exchangers can be estimated based on tab-
ulated values. However, in order to get a realistic and detailed information on how a heat
exchanger will perform during hydrogen tank filling, detailed computer simulations based on
the laws of thermodynamics and fluid flow are needed. Using finite element computer sim-
ulations tools such as the commercial software package COMSOL Multiphysics [7], specific
values of U - A, can be obtained under relevant and realistic gas filling conditions.

In the current study, a model of a horizontal and straight, 10 m long, concentric counter-
flow heat exchanger was used to calculate values of the temperature drop AT = Thoip —

THo,0ut in the Ho gas and heat transfer rate Q when the temperatures and mass flow rates

'For parallel flow HX ATy = Th.in — Tein and ATy = Th out — Te,out-
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of gas and coolant were input parameters in the simulations. Pure water and mixtures of
ethylene glycol and water were used as coolants.

In general, the values of the heat transfer coefficient U is smaller for EG-water mixtures
than for pure water. However, a lower temperature 7. ;, of the coolant may compensate for
a smaller value of U and give a better overall cooling effect in the end.[8] According to the
international SAE-protocol for filling of heavy duty vehicles [9], the temperature of type-4
composite material hydrogen gas tanks needs to be kept below 85 °C (358 K) in order to avoid
thermal damage to the inner polymer lining of the tanks. For railroad and other large scale
users of compressed Hs, there exists so far no international filling protocol. However, one may
assume that a similar temperature limit will apply for high transfer-rate filling of larger tanks

composed of similar materials.

3.1 The model system computation

The model was constructed using the COMSOL Multiphysics 5.6 software, including the heat
transfer and microfluidics modules. The basic model consisted of an inner tube of radius r; =
10 mm and wall thickness ¢t = 1 mm and length L =10 m. The outer concentric tube for the
coolant had a radius of r, =15 mm with same wall thickness and length. The tube material
used in the simulations was structural steel, and heat exchange from the outer tube to the
HX surroundings at ambient temperature was neglected. This is a good approximation if
the temperate of the coolant is not very low, as when using water cooling, and for coolants
having lower temperature when using thermal insulation of the heat exchanger. The exit
pressure of the coolant was assumed to be ambient pressure at 1 bar, and the exit pressure
P,y of the hydrogen gas on leaving the HX could be varied in the relevant range for filling
typical compressed gas tanks, 20 bar < P,,; < 450 bar. From the HX tube dimensions and
the mass flow-rates rmyo of gas and m. of coolant, the pressure drop for gas and coolant
was calculated in the simulations. Since the Reynolds numbers for the flow of both phases
can be quite high, an “algebraic yplus” turbulent low mode of COMSOL was used for both,
and no-slip boundary condition was applied. The layered material option in COMSOL was
used for handling the thin wall between the fluids, and the mesh was adjusted to get reliable

precision in the relevant flow regime.

3.2 Choosing the right coolant

In addition to water, various other fluids may be used as coolants in heat exchanger systems.
Due to low toxicity and good performance, mixtures of ethylene glycol and water are com-
monly used for cooling in the temperature range from 0°C down to —41°C (232 K). In this
study water mixtures containing 20-60 % ethylene glycol (EG) have been explored in addition
to pure water as coolant. Since the flow in the gas will be turbulent for all mass flow rates,
the thermal conductivity plays a minor role. This also applies for the coolant under most
flow conditions. It is then only their heat capacity and the viscosity, which determine the
Reynolds number, that are important parameters. Figure 2 shows how the viscosity and the
heat capacity of the relevant mixtures, as well as those of water, vary with temperature.

A series of simulations were done to calculate the heat exchange coefficient U and the

temperature drop ATy for the gas after passing the heat exchanger. The temperature of
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Figure 2: a) Viscosity of water and various ethylene glycol-water mixtures. Note the loga-
rithmic y-axis. b) Heat capacity of EG-water mixtures.

b)

the hydrogen at the inlet was assumed to be Tho i, = 25°C = 298K, and in most cases the
exit pressure from the HX was set to P,,; = 100 bar, which corresponds to typical pressure
during tank filling. The gas mass flow-rates were in the range 0.01 kg/s < g2 < 0.2 kg/s (or
0.6 kg/min < 7o < 12 kg/min ), which may be relevant flow-rates for filling of medium-sized
hydrogen tanks like those for trains and smaller boats. The coolant flow-rates were chosen
to be in the range 0.05 kg/s < . < 1.0 kg/s. The lowest allowable temperature T, for the
coolant was chosen in each case, ranging from T,= 274 K for water and T.= 266 K for the
20% EG-water mixture, down to T.= 232 K for an EG concentration of 60 %. Examples of
results from the smallest and largest gas flow-rates, mpyo = 0.01 kg/s and e = 0.2 kg/s
respectively, are shown in Figs. 3 and 4, respectively. These figures show that the overall
heat exchange coefficient U drops with increasing concentration of ethylene glycol. However,
this drop in the values of U was fully or partly compensated for by the lower coolant inlet
temperature T, ;, that could be used as the concentration of EG was increased. As Fig. 3b)
shows, for small flow-rates of Hy, here mpo = 0.01 kg/s, the gas exit temperature dropped
with increased EG concentration as well as with increased coolant flow-rate m.. For “medium”
gas flow-rates like s = 0.2 kg/s, shown in Fig. 4b), there were no or only minor changes
in exit temperature as function of EG concentration as the gas flow-rate increased. The
temperature drop with increasing coolant flow-rates was as expected.

In order to explore these effects closer, the same simulation was repeated for pure water
coolant and for 30% and 50% EG in water using some typical values of mpo and .. The
results are shown as 3D bar diagrams in Fig. 5. As seen for water coolant in Fig. 5a), for
low Hy flow-rates like 1o < 0.02 kg/s, the temperature drop reached its maximum AT =
21 K near 1. = 0.1-0.2 kg /s with hardly any increase for coolant flow-rates beyond that. For
higher hydrogen flow-rates 19 >0.05 kg/s, the temperature drop decreased with increasing
gas flow-rate and increased with increasing water coolant flow-rate. This is as one would
expect. The situation was quite similar for an EG concentration of 30%, which is shown
in Fig. 5b). But now the maximum temperature drop was about 36-38 K. For 50% EG

in water, the temperature drop increased with m,. for all values of 79 and decreased with



1200 ]
il
o~
g 1000 ]
T 500!
O
g
2 600
(&)
D
2 400 |
©
3 200 ]
T

0

DocusSign Envelope ID: 2COAE915-F5FC-4C21-ACD2-CF1A7BDE232A

H2 flowrate 0.01 kg/s 0.05 kgis coolant

—a— 0.1kgls
—— 0.2 kagls
—+— 0.4 kgls
—— (.8 kgls

o— 1.0 kgls

=]

0 10

20 30 40 50
% Ethylene Glycol in water

Gas outlet temperature [K]

290
H2 flowrate 0.01 kg/s
280 4
270 1
260 1
—=— (.05 kg/s coolant ®
—+— (.1 kg's
250 1 —e— 0.2 ko's
—+— (.4 kg's -
—+— (.8 kg's @
¢— 1.0 kg's
240 T T T T T T T
0 10 20 30 40 a0 60

% Ethylene Glycol in water

Figure 3: a) Heat transfer coefficient U and b) HX exit temperature Ty, vs. % of EG in an
ethylene glycol-water mixture for very small mass flow-rate of Hy - e = 0.01 kg/s.
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Figure 4: a) Heat transfer coefficient U and b) HX exit temperature Ty, vs. % of EG in an
ethylene glycol-water mixture for relatively large
The inlet temperature of gas was T3, = 298 K.
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mass flow-rate of Hy - 1o = 0.2 kg/s.
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Figure 5: Temperature drop AT vs. hydrogen and coolant mass flow-rates for a) water coolant
— T. =274 K, b) EG30%-water — T, =259 K, and ¢) EG50%-water — T, =238 K. The inlet
temperature of Ha-gas was 298 K. d) Calculated ratio between AT-values of the largest and

the smallest gas flow-rate AT (rgo = 0.2kg/s)/AT (g2 = 0.1kg/s) as function of coolant
flow-rate.

increasing mys. The maximum value in this case was AT = 54.5 K.

To more clearly see how the cooling effect was affected by flow-rates, one may compare
the temperature drop for higher Hy flow-rates to those for lower flow-rates. Figure. 5d) shows
the ratio of AT for mgs = 0.2 kg/s to that for mgs = 0.01 kg/s, i.e., AT(0.2kg/s)/AT(0.01kg/s)
vs. 1. For water as coolant this ratio is nearly linear in this plot which has a logarithmic
x-axis. The ratio approaches 1 on the y-axis, which indicates a very efficient heat transfer in
water for . > 2 kg/s. Thus, the cooling capacity cannot be much improved using higher
coolant flow-rates in the s = 0.2 kg/s case. However, for the EG50%-water mixture (green
curve in the figure) there still can be much to gain in the cooling for the highest gas flow-rate
by a further increase in coolant flow .. The behaviour in this last case can be seen as result

of the coolant not having “fully utilized” its maximum cooling capacity. The reason for this
is further explored in Section 3.4 below.

11
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3.3 Influence of gas pressure on cooling capacity

Since the density of a gas will depend on the gas pressure, it is interesting to see how heat
exchange coefficients and the temperature drop behave at lower pressures, i.e., in the initial
phase of filling a tank. A series of calculations were done for the same coolants as above but
varying the gas exit pressure P,,; from 10 bar to 300 bar, and, thus, having an increased Hs
density. The mass flow-rate was kept fixed at the value g = 0.1 kg/s. For all the studied
coolants, the heat transfer coefficient U was nearly pressure independent for pressures above
Pyt = 20 bar (data not shown here).

The results for the temperature drop AT vs. exit pressure for water and EG50%-water are
shown in Fig. 6. The resulting values of AT were nearly constant above P,,; =100 bar, but
show a strong decrease between 10 bar and about 30 bar pressure for all coolant flow-rates.
This effect was strongest for the lowest values of 7h. and when using water as a coolant as
can be seen in Fig. 6a). This is a result of the low density at low pressures, which makes heat

transfer easy.

O
—— (.1 kg/s coolant —— (1.1 ka/s coolant
30 1 n —s— 0.2 kgls 30 1 —e— 02kg/s
r, —o— 0.5kgls § o— 0.5 ka/s
= ' o 1.0kgs = y o 1.0kg/s
= X 95 ]
5 5
g g
5 20 5 20
5 5
[ m
s 15 4 e 15 1
(a8 o
; :
= 10 4 F 10 ]
5 | a) Water g | b) EG50%-H20
10 100 10 100
H, gas exit pressure (bar) H, gas exit pressure (bar)

Figure 6: Variation of the temperature drop AT in the heat exchanger as function of gas exit
pressure Py for different coolant flow-rates using a) water at T, = 274 K and b) EG50%-water

at T, = 238 K as coolants. The gas flow-rate was gy = 0.1 kg/s with inlet temperature
Tro = 298 K.

3.4 Thermal behavour of coolants in heat exchangers

In order to understand why some coolants have higher cooling capacity and show better
properties than others, one needs to look more into effects caused by their physical properties,
in particular the heat capacity and viscosity. The values of these at the temperature of the
coolant inlet are shown in Table 1. Typical values at the hydrogen gas inlet are also shown
for comparison.

Figure 7 shows temperature distribution inside three different coolants i) pure water in-
jected at 274 K (0.8°C), ii) EG30%-water injected at 259 K (—14°C), and iii) EG50%-water
injected at 238 K (—35°C). Here, the plots are rotated and re-scaled for easier display. In the
simulation the concentric tubes of the heat exchanger were horizontal with the Hy injection

from the left hand side, corresponding to the bottom of these plots. The coolant was entering

12



DocusSign Envelope ID: 2COAE915-F5FC-4C21-ACD2-CF1A7BDE232A

10 m /K 10m /K

200 290

no 0 285
4 1 EG50%-H20

238 K

§ 280

4 280
1 270

H, flow
H, flow
H, flow

275
1 260

270

278 265
i 276
1 260
: - O0m M Sy
001 0012 0014 m a) 0.01 m b) 0.01 o C)

250

Figure 7: Temperatures in a cross section of the horizontal outer tube using a) water, b)
30% ethylene glycol-water mixture, and ¢) 50% EG-water mixture. The plots are rotated for
clarity, and axis are out of scale. The width of the annulus for the coolant was 5 mm and the
length was 10 m. Hydrogen gas was entering from the bottom left of each sub-figure and the
coolants entering from the top of these images as indicated by arrows. The mass flow-rates
of Hy gas and coolants were the same in all cases, my = . = 0.2 kg/s with Hy temperature

Tre =293 K.
Fluid ‘ Temp. T ‘ n / mPa-s ‘ Cp / kJ/kg-K ‘
H>O 0°C 1.79 4.22
ethylene glycol (EG) | —17°C 75 2.23
EG30%-water —14°C 7.9 3.61
EG50%-water —35°C 60 3.00
Hs, 100 bar 20°C 0.009 14.5

Table 1: Values of the viscosity n and heat capacity C), of water, ethylene glycol and some
EG-water mixtures at the lowest temperature that they can be used (near freezing point).
Values for hydrogen gas at pressure 100 bar is also shown for comparison.

from the right-hand side of the HX, corresponding to the top of these plots. As can be seen
for water coolant Fig. 7a), the whole volume of coolant has been heated at the exit position
of the tube (lower end of the plot). For the EG30%-water mixture in Fig. 7b), the tempera-
ture of most parts of the coolant near the exit was at 276 K, which corresponds to a coolant
temperature increase of 17 K. Only a very thin fluid layer of thickness about 0.5 mm near the
inner wall has been heated up to a temperature near that of the incoming warm gas (293 K).
For the EG50%-water coolant (Fig. 7c)), the largest fraction of the liquid volume was not
heated at all and was still at the inlet temperature of 238 K. This means that the capacity of
this coolant has not been fully utilized, and a much longer heat exchanger will be needed to
utilize the full cooling capacity of the liquid.

These effects can be seen more quantitatively in Fig. 8, which shows the radial temperature
profile in the coolant tube for three different mass flow-rates for each of these coolants. The
red coloured curves for coolant flow-rates 7. = 0.2 kg/s corresponds to the cases shown in Fig.
7. For water there was a very even distribution of the absorbed heat throughout the entire

bulk volume. For the mixture with 30% ethylene glycol (long dashed line), there is a small
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Figure 8: Temperature increase Tt oyt — Ttin vs. radial position at coolant exit for various
mass flow-rates .. a) Pure water coolant, T, = 274 K, b) 30% ethylene glycol-water mixture,
T. = 259 K, and c) 50% EG-water mixture, T, = 238 K. The temperature and flow-rate of
the hydrogen were the same in all cases, Tys = 293 K and g2 = 0.2 kg/s.

increase of the temperature near the wall of the inner tube, while for the 50% EG mixture
(dash-dot lines) this temperature gradient covers the whole fluid volume within the outer
annulus. The temperature drop AT for Hy in the inner tube averaged over the gas volume
at the HX exit was 5.7 K, 5.1 K and 4.9 K for pure water, EG30% and EG50%, respectively.
Thus, the temperature of the gas at exit was about 288 K (15°C) in all cases. However, the
total cost of cooling in the three cases will be very different since cooling to —35°C or —14°C
have a much larger energy cost than cooling water to 0°C — 1°C. In addition comes the cost of
more expensive coolant fluids and higher costs of pumping caused by a larger pressure drop
in the coolant tube.

The was no temperature gradient in the radial temperature profile at the exit of the
inner hydrogen tube. Only in the case of the very cold EG50%-water mixture, some small
temperature variations near the wall could be seen. This showed that the mixing within the

gas was very good in all cases, mainly due to the turbulent character of the flow pattern.

3.5 Flow patterns in the heat exchanger

In order to understand why the very cold EG50%-water mixture behaves equal to, or even
worse, than pure water when considering cooling capacity, one needs to look into the coolant
flow patterns in the different cases. For the simulated dimension of the pipes and a mass flow-
rate of 0.2 kg /s, the hydrogen gas velocity was vy = 83 m/s and the velocity of the coolants was
about veee = 0.5 m/s. The flow behavior of a fluid is determined by its Reynolds numbers
Re = % where L is a typical length scale in the flow situation, i.e., diameter of a tube
or separation between inner and outer wall in annular flow. Based on the properties and
temperatures of the fluids at the entrance to the HX and flow-rates in the range m = 0.1 —
1kg/s, the range of values for Reynolds number were found to be Re ~ (0.7—7)-106, 730—7300,
162 — 1620, and 21 — 210 for Hy, water, EG30%-water, and EG50%-water, respectively. Since
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Figure 9: Calculated relative fluid velocity profiles at the coolant exit as function of radial
position in the heat exchanger. The inner wall of the coolant annulus was at position » = 10
mm. The hydrogen gas flow-rate was g2 = 0.2 kg/s in all the three cases. The coolant mass
flow-rates 7. and maximum velocities veoo; Were (11, Veoor) = (1.0 kg/s, 2.8 m/s), (0.2kg/s,
0.60m/s), and (0.5 kg/s, 1.7 m/s) for water, 30% ethylene glycol, and 50% EG water mixtures,
respectively.

the value of Re for hydrogen was above the critical value for transition from laminar flow to
turbulence in pipe flow, Recpir ~ 2300 — 3000 [10], the gas flow was fully turbulent with very
good mixing inside the fluid volume for all values of 1 go. For water coolant flow at lower
values of 1., the Reynolds number was below the reported value Re..;+ ~ 2500 for transition
for flow in an annulus with inner to outer radius ratio 2/3 [11], but the length of the heat
exchangers still assured a complete thermal mixing at the exit position of the coolant tube.
For water with higher values of 7., the flow was turbulent. However, for the ethylene glycol
mixtures the flow was purely laminar independent of mass flow-rate, and the mixing of heat
will be much slower.

Figure 9 shows the fluid velocity at the exit of the coolant annulus scaled with the maxi-
mum flow speed value in that case for three selected flow regimes, i) laminar, ii) near transition
to turbulent, and iii) fully turbulent flow (Re ~ 7300). For water flow at speed vepo; = 1.7m/s
(case 1)), the flow profile is not parabolic in shape as for flow in a tube but more flattened
and still symmetric as in turbulent flows. For case iii), which is EG50%-water mixture with
flow speed veoor = 1.7 m/s, the profile is a skewed parabola with higher velocities near the
warm inner wall. Here, near the wall, the fluid viscosity 7 has decreased relative to its value
at the inlet due to the rise in temperature near the warmer wall. This results in a higher flow
velocity than in the colder, outer parts of the fluid. The resulting shear flow will contribute
to a slow mixing of the heat. The EG30%-water mixture (case ii) with flow speed vepo =
0.6 m/s showed some type of intermediate situation, both asymmetric shape and flattening
at the top of the profile. The resulting temperature profiles for these examples were shown in
Fig. 8. The full temperature map for the water case was similar to that shown for water at
m. = 0.2m/s in Fig. 7a), and the maximum cooling capacity has been utilized in this case.

The EG30%-water case was the same as that shown in Fig. 7b). Here, a heat exchanger of
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longer length than the current L = 10 m would have utilized the coolant in a better way. For
EG50%-water mixtures, higher flow velocities rh. will certainly increase the cooling power,
but the utilization of the coolant and system efficiency may still be poor. Increasing flow-rate

may help to increase shear mixing in the fluid flow.

4 Discussion

The temperature after filling can be calculated based on tables of heat transfer coefficients U
for different flow-rates of gas and coolant, rge and ., and the size of the heat exchanger
(fluid contact area or length and tube radii). In addition, the initial temperatures and pres-
sures of the large storage tank and the smaller vehicle fuel tank are input parameters. The
pressure in the fuel tank when filled to maximum hydrogen mass content (in kg) will often
be higher than the nominal pressure in the tank (350 or 700 bar) but will drop down to
the operating pressure as the gas cools down to the ambient temperature via the tank walls.
Reaching about 20 — 25°C, the pressure will drop to the normal operation pressure. If this
stop-filling pressure is too high relative to the maximum pressure limit, the tank has to be
filled to less than its maximum capacity.

Examples of filling two commercially available tanks of different sizes are shown in Fig. 10,
which shows the temperature at end of filling using different coolant flow-rates for water
and EG-water mixtures. The average temperature inside the tank was calculated using the
Engineering Equation Solver (EES) software [12] with values of the heat exchange coefficient
U for the coolants calculated using COMSOL, as described above. Typical values of U for
various gas and coolant flow-rates are listed in the tables in Appendix 2. As can be seen from
these tables, the heat exchange is more efficient from water than from the water mixtures.
However, the lower coolant temperature that can be used in the mixtures, can lead to a lower
final temperature in the gas.

Figure 10a) shows that for smaller tanks with capacity of 10 kg Hy and gas flow-rate
of 3 kg/min (i.e., filling time about 3 min 20 s) all coolants with flow-rate above 1 kg/min
will manage to keep the tank temperature well below T}, = 85°C. However, this maximum
temperature may depend on the tank vendor, and with a lower temperature limit, like T}, =
65 °C, EG-water coolants with flow-rates . > 30 kg/min may be needed. For a larger sized
tanks, like one with capacity 46 kg of Hy in Fig. 10b), coolant flow-rates of at least 10 kg/min
will be needed during filling to keep the tank temperature below 85 °C. It may be noted that
for a hydrogen mass flow-rate of 3 kg/s, it is only at the highest coolant flow-rates 1. >
20 kg/min that clear differences in capacity among the three coolants can be seen. For the
EG-water mixtures, the heat will only be absorbed by a thin layer of fluid close to the wall of
the inner tube, and the utilization of the total cooling capacity of these mixtures are low. By
recycling the coolant mixtures after the HX exit using an external stirrer, the coolant may
be re-used since the bulk temperature increase of the coolant after mixing will be relatively
small. Alternatively, the coolant mixtures will be recycled via an external cooler. Future
studies will focus on how optimizing the HX tube dimensions can affect the heat exchange
and the final fuel tank temperature.

Based on the initial state of the hydrogen gas in the large storage tank, the final state of

the gas in the fuel tank, and the mass flow-rate 79, one can estimate the cooling capacity
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Figure 10: Temperature inside Hy tanks at end of filling as function of coolant mass flow-rate
m. using three different coolants. Tanks of two different sizes, a) vol= 416 L, and b) vol=
1925 L are compared. In the calculation, they were filled from 20 bar pressure up to max
storage capacity at 350 bar and ambient temperature, 10 kg and 46 kg of Hs, respectively.
The initial temperature of Hy gas and the tanks were 20°C, and the heat capacities per unit
area of the tank surfaces were assumed to be the same.

(in kW) available from the coolants discussed above. This analysis is presented in Appendix 3.

This report has discussed heat transfer using some selected coolants in a simple double
pipe heat exchangers. There exists a large literature on how passive or active modifications of
such devices can improve heat transfer, including tube inserts, wall modifications and stirrers
to get better flow mixing. This is summarized in a review article from 2017 by M. Omidi,
M. Farhadi, and M. Jafari [13]. Some studies published after that are given in Refs. [14]—|21].
Use of nanoparticles added to the coolant in order to increase the thermal coupling has also
been studied, and this has been summarized by Hajatzadeh et al. [22] and by Louis et al. [23].
All these types of modifications can increase the heat transfer rate by a considerable amount
but will also increase the pressure drop across the tubing and thereby the pumping power
needed. Thus, there is an energy cost for all such improvements. Finally, a compressed
hydrogen storage system for fast filling of hydrogen gas has been studied by Li et al.[24]
and Bourgeois et al. [25]. Kesana et al.[26] have recently published a study on simulating

temperature distributions within small and large gas storage tanks during filling.
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A Appendix 1: Dimensionless numbers in heat exchangers

Sometimes it may be convenient to calculate the parameters of a heat exchangers using dimen-
sionless numbers. This can be done by introducing the dimensionless number called Number

of Transfer Units NUT defined as

NTU = L (8)

(MCp) in
where subscript min refers to the smallest of the values of the heat flow capacities, C' = mep,
for the hot and the cold fluids. Here, U is the effective heat transfer coefficient (unit W/m?K),
A, is the contact area between fluids in the heat exchanger, 1 is the fluid mass flow-rate, and
cp is the specific heat capacity of the fluid. Also, it is common to define the capacity ratio C,

as )
0y = 0 min, (9)
(MCp)
The effectiveness of the heat exchanger can then be written as a function of NTU and C,,
e =e(NTU,C,). For counter-flow HX, the relationship between NTU and ¢ is

.l 1 —exp[NTU(C, —1)]

“1-C, exp[NTU(C, — 1)] (10)

Effectiveness € as a function of NT'U and C,. for various types of heat exchangers can be found
in tables. The e-value increases strongly with NTU for NTU < 1.5 and then levels off as
can be seen in Fig. 11, which is for a counter-flow heat exchanger. For fixed value of NTU,
¢ increases with decreasing C,., most clearly for NTU > 2. However, this C,-dependence is
smallest for counter-flow heat exchangers.

Referring to Fig. 6a) in the main text, for the water coolant at P,,; =100 bar and . =
0.2 kg/s, the values are NTU = 1.43 and ¢ = 0.66, while at . = 1.0 kg/s the values are
(NTU,e) = (1.59, 0.74). However, using EG50%-water and m. = 1.0 kg/s as in Fig. 6b),
the effectiveness is only € = 0.30 for an NTU-value of 0.39. Thus, the heat exchange can be

much improved.

Effectiveness ¢

0 1 2 3 4 5 6
NTU

Figure 11: Effectiveness ¢ as function of NTU and C, for counter-flow heat exchanger. The
colours are for different values of capacity ratio C.
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B Appendix 2: Heat transfer coefficients

Values of the effective heat transfer coefficient calculated as described in the main text for a

concentric pipe counter-flow heat exchanger of length L = 10 m with inner tube radius r;=

10 mm and outer tube radius r,= 15 mm.

Gas mass flowrate 1y; [ka/s]

W
S
[+T4]
=
éj 0.02
= 0.05
2
™ 0.1
3 0.2
=
0 05
m
E 1
€
= 2
8
(%] L

0.005 0.01 0.02 0.05 0.1 0.2 0.3 0.5
260.9 3257 3836 4351 452.9 4521 438.6 410.9
37 4175 506.7 623.8 689.3 7242 7247 700.5
459.7 6434 855.9 1137 1307 1415 1440 1428

542 799 1116 1586 1915 2163 2253 2304
608.5 945 1411 2169 2781 3339 3606 3852
655.9 1049 1630 2704 3679 4667 5195 5766
928.2 1170 1839 3212 4620 6199 i 8232
615.3 1301 3050 4004 5878 5296 9900 12043

Table 2: Heat transfer coefficients U in W/(m?K) for various Hy gas mass flow-rates 7o
using water as coolant with mass flow-rates 7.

Gas mass flowrate 117 [keg/s]

0.02
0.05
0.1
0.2
0.5

Coolant mass flowrate 1M [kg/s]

0.005

0.01

0.02

0.2

0.3

0.05 0.1 0.5
183.7 204.2 217.9 2299 235 236.4 2348 2296
204.5 238.7 267.7 3009 318.3 3275 3284 3235
248.5 313 3724 428.5 453.3 467.2 4711 471.9
303.8 3721 4414 5657 674.8 766 7991 805.7
510.6 737.9 1013 1404 1688 1927 2034 2125
b97.2 894.7 1301 1938 2425 2844 3041 3232
727.8 1019 1518 2386 3115 3809 4168 4548
627.9 14583 2084 3192 4414 5748 6510 7409

Table 3: Heat transfer coefficients U in W/(m?K) for various Hy gas mass flow-rates 1 g2

using a 30% ethylene glycol - water mixture as coolant with mass flow-rates ..

Gas mass flowrate 1155 [kg/s]

0.02
0.05
0.1
0.2
0.5

Coolant mass flowrate - [kg/s]

0.005

0.01 0.02 0.05 0.1 0.2 0.3 0.5
163.3 1805 191.2 199 201.9 203 2023 199.6
178.7 199.1 2126 2227 226.7 228.7 2292 229
198.7 2224 238.7 2517 2575 262 2632 262.6
2264 260 285.8 3149 3338 346.9 3505 3493
276.3 3355 3936 490.9 587.3 661.5 6928 698.7
3316 4229 517.9 695.3 901.6 1070 1176 1292
398.8 551 787 4 1212 1628 1780 1890 1989
5784 1478 1537 2108 2603 3062 3294 3536

Table 4: Heat transfer coefficients U in W/ (mQK) for various Hs gas mass flow-rates mpo

using a 50% ethylene glycol - water mixture as coolant with mass flow-rates ..

The inlet temperature of the hydrogen gas in the simulations was The = 27°C and that
of the coolants T, = 0°C, —14°C, and —35°C for water, EG30%-water, and EG50%-water,

respectively. The exit pressure of the gas from the HX was 100 bar.
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C Appendix 3: Cooling capacity

In order to estimate the cooling capacity needed to cool the incoming hydrogen gas to a certain
temperature at the inlet of the gas fuel tank, some calculations were done for a few selected
cases. In this example, a composite material type 4 tank of intermediate size with volume 2
m? and diameter 70 cm was chosen. Further, it was assumed that both the large storage tank
and the fuel tank were at initial temperature of T;,;; = 15°C, the pressure in the storage tank
was 450 bar and the fuel tank was empty (P ~ 1 bar). A fuel tank of this size can store 48 kg
of He at p =350 bar and T" = 15°C. However, just after the filling to max capacity 48 kg has
been completed, both the temperature T't;,q and pressure Ppi,q in the tank will be much
larger than ambient temperature and planned filling pressure. After some time, which will
depend on the heat conductivity of tank walls and ambient conditions in the surrounding air
space, both T and P will drop down to the nominal values for a tank containing 48 kg of Hs.
An estimate for the heat capacity of the tank walls was used in these calculations since some
of the heat generated during gas expansion will be taken up by the walls. Any cooling from
the external side of the tank walls has not been included in this calculation since that will
depend a lot on the heat convection in the air surrounding the tank.

Three cases were studied:

i) Gas cooled from Tj,;; = 15°C to inlet temperature T;, = 0°C before entering the fuel
tank (e.g., by cold water)

ii) Gas cooled to Tj, = —14°C before entering (e.g., by efficient cooling by an EG30%-
water mixture)

iii) Gas cooled to T;, = —40°C before entering (e.g., by efficient cooling by an EG60%-
water mixture)

The cooling power for pre-cooling during filling for different gas flow-rates, as well as the
time needed to fill the tank to maximum capacity of 48 kg of hydrogen, have been calculated
in each of the cases. The change in enthalpy H mainly depends on the temperature drop
AT = Tipit — T during cooling. The enthalpy change per kg, as well as the total value
AH,g g, for the 48 kg of gas, are listed in the fourth and fifth column of Table 5.

The needed cooling capacity will only depend on how fast the filling will occur. The results
for cooling power vs. Hy flow-rate for the three cases are shown as solid lines in Fig. 12. Also,
the required filling time for a certain flow-rate is shown as a dashed curve in this figure. The
solid lines are labeled with gas inlet temperature (73,), final temperature (T'tina), and final

pressure (Pfinqi) in the tank at complete filling. These values are also summarized in the table

below. The sixth column of this table gives the the slopes of the coloured lines, 3{) 751}”123, which

can be used for finding the exact kW-value in each case. As can be seen from this figure, lower

] T [°C] \ Tfinat [°C] \ Piinar |bar] \ Hysoc — Hr, [k /kg] \ AHgg .y [KWh] \ dPower 1.\ / (kg /min)| \

d(mp2)
0 84 437 223 2.97 3.68
-14 73 423 431 5.74 7.16
-40 52 398 816 10.88 13.61

Table 5: Parameters related to the filling processes shown in Fig. 12: i) Inlet temperature
Tin, ii) final tank temperature T¥;pq, iii) final tank pressure Ppinq, iv) enthalpy change per
kg of Hy, v) total enthalpy change on cooling 48 kg of gas from 15°C to T}, before fuel tank
inlet, and vi) slope of power vs. flow-rate lines in the figure.
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Figure 12: Cooling power needed for the heat exchanger in the cases i) black line, ii) blue
line, and iii) red line described in the text above. The filling time needed for each value of
myro is the same for all cases and is shown by the green dashed curve.

mass flow-rates of gas, and correspondingly longer filling time (green dashed curve), lead to
smaller needs of cooling capacity.

In the current simplified model, the final temperature and pressure in each case will be
independent of the gas flow-rate. However, in a realistic real case the heat transported through
the tank wall during the longer filling time at small flow-rates will lead to lower temperatures
at end of filling than those shown in this table. In all cases, the final temperatures were below
the temperature limit of T}, = 85°C for type 4 composite tanks. The final pressures are
well above the nominal tank pressure of 350 bar. A consequence of this is that one cannot fill
the tank to its maximum mass capacity unless the maximum allowed pressure in the tank is
well above 400 bar.

As an example, the needed cooling power is 21.5 kW for rmgs = 3 kg/min when the
gas inlet temperature is T, = —14°C (blue line in Fig. 12). Cooling the gas from ambient
temperature 15°C to this low temperature requires a high mass flow-rate of the coolant. Based
on the heat exchanger model presented in the main text and using a EG30%-water mixture
at flow-rate . = 5 kg/s = 300 kg/min (Table 3), it was found that maximum cooling power
was about 20 kW, slightly below what is needed. However, using EG50%-water mixture at
—35°C with 7. = 2 kg/s = 120 kg/min, a cooling power value of 23 kW, T;, = —16°C, and
T'tinat = 71.4°C can be obtained.

For larger values of gas flow-rate, mgo > 3 kg/min, both cooling power and coolant mass
flow-rate will increase significantly and may go beyond the capability for cooling power of

counter-flow heat exchangers as discussed in this report.
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