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L'invention concerne un procédé de transport de produits thermosensibles en camion réfrigéré, du type a injection indirecte, ou
l'on régule la température Ti, interne a la chambre de stockage en faisant varier le pincement de l'échangeur (Pincement = Tj, -
TSOrtie fluide ) en fonction de la position de la température interne Tin par rapport a une température de consigne.
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Method for regulating the temperature of the storage chamber for
products of an indirect injection vehicle transporting heat-sensitive

products

The present invention relates to the field of the transport and distribution
of heat-sensitive products, such as pharmaceutical products and foodstuffs. In
this field, the cold necessary for keeping the products at low temperature is
provided mainly using two different technologies:

- mechanical vapor-compression refrigeration units operating
in a closed loop;

- cryogenic units operating in open loop employing a direct or
indirect injection of cryogenic fluids into the space containing the

products.

The present invention relates more particularly to indirect-injection
cryogenic soiutions. in such solutions, the cryogenic fluid (those most ofien
used are liquid nitrogen and liguid CO;) is conveyed from a cryogenic reservoir
carried onboard, usually underneath the refrigerated truck, to one or more heat
exchangers situated inside the cold chamber or chambers of the truck, the
exchangers being provided with means of circulating air. These exchangers
allow the air internal to the chamber in which the products are stored, the air

surrounding the exchangers, to be cooled to the desired temperature.

The heat extracted from the air first of all allows complete evaporation of
the cryogenic fluid circulating through the exchanger, then allows the
temperature thereof to be raised to a temperature close to that of the space.
The cryogenic fluid leaving the exchanger is then discharged to the outside

having given up the maximum amount of cooling energy.

As those skilled in the art are well aware, there are nowadays solutions
for controlling the temperature of the air internal to the body storing the
transported products, chiefly according to algorithms that control the
opening/closing of the valves that supply the exchangers with cryogen.
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However, depending on the exchangers used, the exchanges of heat are
not optimized, particularly during the transient phase when the chamber has not
yet reached its reference temperature {(as the temperature drops or increases):
an insufficient surface area for exchange, a restricted flow rate of cryogen, poor
distribution of the flow of cryogen to the various modules of the exchangers
used, or even poor distribution on the air side may be the cause of such
shortfalls in exchanger performance during this phase.

This may lead to the following observations:

- the power obtained by the exchangers is sometimes not enough to
reach negative temperatures;

- the time taken to bring the temperature down is too long.

Let us recall that the method of control typically employed in trucks
operating with indirect injection is as follows:

1- when the truck refrigeration system is started (for example when
starting a round or after a prolonged stoppage of the refrigeration system for
some reason or another) or even after a door has been opened, a mode in
which the temperature is reduced rapidly (this industry refers to this as "puill
down") is adopted.

2- Once the reference temperature has been reached in the product
storage chamber, a controlfregulation mode is adopted which allows the
temperature of the product storage chamber to be held at the reference value
("hold").

Professionals in this field also speak of full-load operation {phase 1) or
part-load operation (phase 2).

And precisely it may be believed that one of the reasons why heat
exchanges are not optimized is connected with the controi of the injection of the
cryogen during the "pull down phase" during which the control algorithms
currently used set a fixed temperature difference between the air of the space
that is to be cooled and the temperature of the cryogen vapors leaving the

exchanger. The value of this difference is determined in order fo:
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- ensure that the system can operate in variable configurations: variable
volume to be cooled and variable reference temperature, pull down phase, hold
phase, efc.;

- optimize the system while it is operating in steady state (during the hoid

phase).

As a conseqguence, by the fact that the regulation sets this difference in
temperature between the air of the space that is fo be cooled and the
temperature of the cryogen leaving the exchanger (this difference is commonly
referred to as the "pinch" of the exchanger) it is found that the power is limited
during the critical pull down phase whereas it is during this phase that the
system needs even more refrigerating power in order to accelerate the drop in

temperature.

Let us look in greater detail at the types of regulation currently
performed. At the start of the pull down phase, the temperature of the air in the
space (the terms "body" or "chamber” are also used) to be cooled is very much
higher than the reference temperature. By way of example of reference
temperatures traditionally employed in this transport industry, mention may be
made for example of a reference temperature of ¢ to 4°C for transporting fresh
produce, whereas reference temperatures of -20°C for transporting frozen
products are encountered, it being possible for these two reference
temperatures to be employed in two adjacent chambers of one and the same
truck. The valves that regulate the injection of cryogen therefore open fully and
remain open to allow an exchange of heat between the cold walls of the heat
exchanger through which the cryogen circulates and the surrounding air, the
temperature of which drops gradually untif it is close to the reference
temperature. At that moment, reguiation of the vaives begins to be applied in
order to impose varying durations of closure so that the temperature of the air
internal to the space can be "brought down” gently to around the reference
temperature and held there for the remainder of the time.

However, as pointed out hereinabove, at the present time, this control is
performed in such a way as to keep the "pinch” at a fixed value, preferably in a



10

15

20

25

30

WO 2013/156698 4 PCT/FR2013/050366

range from 5 to 20 K, regardless of the phase of operation of the system (pull
down or hold}.

Now, in the pull down phase, the power required is, as has already been
pointed out hereinabove, greater and needs the temperature of the fluid to be
as low as possible so that more power can be delivered to the air inside the
chamber.

Therefore it is a notable objective of the present invention to propose a
new method control governing the operation of such indirect-injection transports
so as to allow the system to operate optimally during all phases of operation.

As will be seen in greater detait in what follows, the present invention
notably proposes a solution for regulating the temperature of the cold chamber
by optimizing exchanges of heat and improving the performance of the
exchangers, notably by increasing the refrigeration power supplied during the
puli down phase.

To do that, the present invention proposes to take into consideration a
parameter that regulates the pinch of the exchanger, which parameter can vary
according to the temperature reached by the air in the space that is {o be
cooled. The objective is therefore to have a large difference between the outlet
temperature of the cryogen and the temperature of the air internal to the
chamber as long as the latter temperature is not close to its reference
temperature. This then encourages the supply of more cryogenic fiuid to the
exchanger and therefore a much higher delivered power.

As the air temperature approaches the reference iemperature, the
demand for energy is not as great because the volume of air and the walls of
the truck have been cooled and their thermal inertia has, to a large extent, been
overcome at this phase in the operation and it therefore becomes permissible
to keep a higher cryogen outlet temperature and therefore a lower difference
{pinch} between the temperatures of the air inside the chamber and at the
cryogen outlet.

The present invention therefore relates to a method for transporting
heat-sensitive products in a refrigerated truck, of the type in which the fruck is

provided:
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- with at least one product storage chamber,

- with a reservoir of a cryogenic fluid such as liquid nitrogen (or any other
ligusfied cryogenic fluid),

- with a heat exchanger system internal to said at least one chamber,
through which system the cryogenic fluid circulates,

- with an air circulation system, for example of the blower fype, able to
bring the air internal to the chamber into contact with the cold walls of the heat
exchanger system,

- with temperature sensors able to determine the temperature of the

atmosphere internal to said at least one chamber (1 nt) on the one hand and
that of the cold vapors leaving all or some of the exchangers of the system
(Thuid outiet) on the other hand,

- and with a control and management unit able {o reguiate the internal
temperature Tiy to a reference value T, by ordering a closing or opening, or
the degree of such opening/closing, of one or more valves supplying the
exchanger system with cryogenic fluid;

characterized in that the temperature 1 int is regulated by implementing

the following measures:

- the following parameters are determined in real time:
) AT = Tint = Tref; and
j) the value of the Pinch = Tint = | fiuid outiet ;

- a parameter P, which is a function of AT, is taken into consideration

and the control and management unit, as long as the Pinch is below or equal to
the parameter P, commands the holding open or increased opening of the
valve or valves used to supply the exchanger system with cryogenic fluid.
According to one preferred embodiment of the invention, the or each of
the valves supplying the exchanger system with cryogen are of the "all-or-
nothing” type, and the regulation according to the invention then commands the
full opening of this or these valves as long as the Pinch is below or equal to the

parameter P.
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However, it is also possible, without at any time departing from the scope
of the present invention, to use other types of valves and notably proportional
valves which of course offer a greater range of activation options, in which the
case the regulation according to the invention then commands, according to the
algorithm used, as long as the Pinch is below or equal {o the parameter P, the
wide or full opening of this or these valves or the increased opening thereof
depending on the moment considered within this phase.

According to the invention, when the Pinch is higher than the parameter
P, the control and management unit commands the closing of the valve or
valves supplying the exchanger system or commands a reduction in their
opening, according to the moment considered within this phase and once again
according to the algorithm chosen for governing the operation of the regulation:

- according to a preferred implementation of the invention, the or each
of the valves supplying the heat exchanger system with cryogen are of the "all-
or-nothing” type and the regulation according to the invention therefore
commands the full closing of this or these valves when the Pinch rises above
the parameter P.

- according to another implementation of the invention, however, the or
each of the valves supplying the exchanger system are proportional valves and
the regulation according to the invention therefore commands, according to the

_algorithm used, when the Pinch rises above the parameter P, the partial or full

closure or a reduction in the opening of this or these valves according fo the
moment considered within this phase.

From reading the foregoing it will therefore have been
understood that the approach to regulation according to the present invention is

not to fix the Pinch = Tint = 1 fiuid outiet, but rather to make it vary according to

the value of AT, i.e according to where the temperature within the chamber lies

in relation to reference value, and therefore according to the frigories needed at
the phase of the transport considered {pull down phase, hold phase).
This approach has led the applicant company to propose and

test various equations for taking AT into consideration, through various

expressions of a parameter P expressed as a function of AT .
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Three different parameters P, i.e. three different functions of AT are

illustrated hereinbelow:
P=aln(1+abs(AT )+ b (Equation 1)

P=aln(1+abs( AT )+ (bxT , +c)xabs(AT )+d ( Equation 2)

rg

P ={axabs(AT )+ b)x e/ 4 (cxabs( AT )+d )xe ™) (Equation3)

Where “In” is the naperian logarithm function, “abs” is the absolute value
function, and “¢” is the exponential function.

As will be clearly apparent to a person skilled in the art, other functions
could be proposed but the applicant company wishes here to illustrate the
approach by the invention and how it can be implemented to good effect
through examples, the benefit of the present invention and the added-value
thereof being that of having proposed regulation as a function of a parameter P

expressed as a function of AT,
As will be illustrated hereinbelow, experiments conducted have shown

that regulation according to equation 3 is the regulation that offers the optimum

exchanger performance.

Further, it will be noted that this equation 3 has been tested with factors

a, b, ¢, and d that have values in the following ranges:

~->a=-0.51t0-0.005

-~>b =01t 100
->¢ =010 20
-~>¢g=0t020

Further, the attached figures1, 2 and 3 will provide a clear

understanding of the benefit reaped by such regulation according to equation 3:

- figure 1 represents the change in temperature internatl to the chamber
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ng {curve x}) and of the exchanger outlet temperature T@uﬂei according

to the prior art {regulations currently performed: fixed pinch = curve y}} and
according to the invention (variable pinch, curve z)).

According to one of the preferred implementations of invention,

preference is given to:

- a large pinch {several tens of degrees of difference), for example
of 50 K under conditions for frozen and 30 K under conditions for fresh, for
most of the “pull down” phase;

- a pinch which reduces abruptly when the internal temperature is
a few degrees away from the reference, preferably of less than 2 K;

- a pinch that is kept constant when the internal temperature

reaches the reference temperature.

- Figure 2 depicts the two temperature-drop curves obtained in the
chamber, using the regulations currently employed (curve m)) and according to

the invention (curve n}).

- Figure 3 depicts the two curves of power supplied {in W) as a function
of time, using the regulations currently employed (curve ¢)) and according to
the invention (curve p}}), the hatched area highlighting the difference in power
supplied according to the invention, especially during the first moments of pull

down.

The approach of the invention of employing a far greater pinch during
pull down (figure 1) and the very positive outcome of such an approach can

therefore be clearly seen:

- with a pull down time which is faster by virtue of the invention (figure 2):
an approximately 30% reduction in the pull down time can be seen (whether for
temperatures close to 4°C for fresh produce or negative temperatures for

frozen products};

- which can be explained unambiguously by the difference in power
transferred to the system by virtue of the invention (the hatched part in
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figure 3); at least 25% additional power is transferred during the pull down
phase.

- this regulation also enables savings in cryogen to be realized, notably
during the puli down phase, given that this ﬁhase does not last as long by virtue
of the present invention. Experiments conducted by the applicant company
have also demonstrated that by virtue of the present regulation, a drop in
consumption is recorded for refrigerated transport scenarios for which the total
duration of the round {pull down and hold} does not exceed & to 8 hours.

As will also be clearly apparent to those skilled in the art, the invention
as has just been described applies to the case of a single chamber within a
truck but also to the case of several product storage chambers within a truck,
and the invention therefore allows the temperature within each of these
chambers to be regulated, each of the chambers being equipped with an
exchanger system, each of the chambers having to comply with ifs own internal

reference Tref according to the products it is to store, the control system

measuring in real time the temperature internal to each chamber 1int, that of
the cold vapors leaving ali or some of the exchangers of the exchanger system

of each chamber (Tﬂuidouﬁet), the pinch associated with each chamber, etc.
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Claims

1. A method for transporting heat-sensitive products in a refrigerated
truck, of the type in which the truck is provided:

- with at least one product storage chamber,

- with a reservoir of a cryogenic fluid such as liquid nitrogen,

- with a heat exchanger system internal fo said at least one chamber,
through which system the cryogenic fluid circulates,

- with an air circulation system, for example of the blower type, able to
bring the air internal to the chamber into contact with the cold walls of the heat
exchanger system,

- with temperature sensors able to determine the temperature of the
atmosphere internal to said at least one chamber (T;m) on the one hand and
that of the cold vapors leaving all or some of the exchangers of the system
(Tisid outiet) ©n the other hand,

- and with a control and management unit able to regulate the internal
temperature Ty to a reference value T by ordering a closing or opening, or
the degree of such opening/closing, of one or more valves supplying the
exchanger system with cryogenic fluid;

characterized in that the temperature Tt is regulated by implementing

the following measures:

- the following parameters are determined in real time:
DAT = Tint - Trer, and
i) the value of the Pinch of the exchanger system, where:
Pinch = Tim - Tﬂuid outlet ;
- a parameter P, which is a function of AT, is taken into consideration

and the control and management unit, as long as the Pinch is below or equal to
the parameter P, commands the holding open or increased opening of the

valve or valves used to supply the exchanger system with cryogenic fluid.
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2. The method for transporting heat-sensitive products in a
refrigerated truck as claimed in claim 1, characterized in that when the Pinch
rises above the parameter P, the control and management unit orders the
partial or full closure or a reduction in the opening of this or these valves
depending on the moment in guestion within this phase and as a function of the

algorithm chosen for governing this regulation.

3. The method for fransporting heat-sensitive products in a
refrigerated truck as claimed in claim 1, characterized in that the or each of the
valves supplying the exchanger system with cryogen are of the "all-or-nothing”
type, and the control and management unit then commands the full opening of

this or these valves as long as the Pinch is below or equal to the parameter P.

4, The method for transporting heat-sensitive products in a
refrigerated truck as claimed in claim 1, characterized in that the or each of the
valves supplying the exchanger system with cryogen are of the proportional
valve type and the controf and management unit then commands, according to
the algorithm used, as long as the Pinch is below or equal to the parameter P,
the wide or full opening of this or these valves or the increased opening thereof

depending on the moment considered within this phase.

S. | The method for transporting heat-sensitive products in a
refrigerated truck as claimed in claim 2, characterized in that the or each of the
valves supplying the heat exchanger system with cryogen are of the "all-or-
nothing” type and the control and management unit therefore commands the
full closing of this or these valves when the Pinch rises above the parameter P.

6. The method for transporting heat-sensitive products in a
refrigerated truck as claimed in claim 2, characterized in that the or each of the
valves supplying the exchanger system with cryogen are of the proportional
valve type and the control and management unit therefore commands, when
the Pinch rises above the parameter P, the partial or full closure o; a reduction
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in the opening of this or these valves according to the moment considered
within this phase and as a function of the algorithm chosen for governing this

regulation.

7. The method as claimed in one of the preceding claims,
characterized in that the parameter P is expressed as a function of AT using a

formula in the form:

P=aln(l+abs(ATY+b (Eguation 1)

where "In" is the naperian logarithm function, and "abs" is the absolute

value function.

8. The method as claimed in one of the preceding claims,
characterized in that the parameter P is expressed as a function of AT in a

formula of the form:

P=aln(1+abs( AT )+ (bx T, +c)xabs(AT )+d (Equation 2)

where "In" is the naperian logarithm function, and "abs” is the absolute

vaiue function.

8. The method as claimed in one of the preceding claims,
characterized in that the parameter P is expressed as a function of AT ina

formulation of the form:
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]

P={axabs(AT)+b)x e O 4 (cx abs(AT)+d)x ™™D (Equation 3)

where "abs" is the absolute value function and "e" is the exponential
5 function.
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