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This paper faces the topic of blood products transport by applying simulation, control and
data exchange technologies in order to implement a safe and efficient integrated
transportation system. As known, the bio-chemical properties of blood and its derivatives
are subjected to deterioration whenever a well determined temperature range is not
respected for an excessive time interval.

At present, blood products are mainly transported in thermally insulated boxes filled with
ice which, other than ensuring a limited time of the material survival, are not able to allow
any type of control over the state of the material and the history of temperature variations
occurred within the storage volume.

The innovative proposal discussed in this paper regards a smart box for blood transport,
equipped with a system for temperature control which uses elements of eutectic material
stored in a separated compartment, eutectic exchanges heat with the transported blood
bags through a separation wall on which blowers are installed for cold air circulation. The
air flow is activated as soon as the box internal temperature increases over a pre-defined
threshold, to extend as much as possible the eutectic material duration.

The smart box is equipped with sensors that dialogue by cloud with a central server on
which is installed a Matlab-Simulink dynamic simulator of the box thermodynamic
behavior, main object of the present paper. In particular, the simulator here presented has
been improved by advanced heat exchange correlations and a more realistic system of
thermal balance equations. The simulator allows to monitor the time remaining to the
exhaustion of the cooling effect. In case of lack of autonomy, a logistic algorithm provides
the coordinates of the nearest healthcare location for safe storage.

1. Introduction

range cooling system, it is necessary to manage the temperature
control in different ambient conditions and to monitor the material

This paper is an extension of the work originally presented in
2019 Spring Simulation Conference (SpringSim), Tucson,
Arizona, USA [1]. The paper presented the study of a safe and
integrated transport system for blood and blood derivatives,
employing the most advanced simulation and communication
technologies. In the present extended version, the simulator of the
box dynamic behavior has been improved by implementing a more
detailed and more realistic thermal exchange model.

The paper addresses the topic of healthcare safety [2-4],
focusing on the problem of blood bags transport. The
transportation of biologic material [5,6] presents risks related to
the exceeding of deterioration temperature thresholds therefore,
other than designing a transport container provided with a long
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status during travel time [7]; this aspect highlights the importance
of data exchange with a central unit (hospital or blood bank), which
is in charge of providing real-time logistic coordinates (i.e. the
nearest possible point of blood collection) to prevent deterioration.

The usual procedures applied to the transport of biologic
material provide the samples collection from distributed locations
and their subsequent delivery to a laboratory for the analyses. In
recent years, the increased costs and the complexity of clinical
analysis equipment, has directed the management choices towards
the concentration of the most important activities (e.g. analysis) in
large centralized laboratories, from which depend a great number
of smaller collection points. Only large and highly automated
laboratories can reach the required scale economies to process a
large number of samples with satisfying economical profitability.
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Since the distance between central labs and collection points
can be significant and the traffic situation can dramatically
increase transport time [8-10], the need to extend and control the
autonomy of the cold storage becomes a central issue. Moreover,
another critical aspect regards the continuous increase of blood
banks centralization in order to cover larger areas, which involves
longer travel time; thus, the issue arises of ensuring protection,
traceability and continuous monitoring of blood bags during their
travel.

The transport box ensures the cooling effect to the biologic
material by exploiting an array of eutectic elements opportunely
disposed in a separate compartment. From the latter, on-off
blowers, activated by measured temperature signal, deliver a flow
rate of cold air to the blood bags compartment, withdrawing heat
to keep temperature within the safety range. The box envisages a
cloud connection with a central server unit, on which is uploaded
the dynamic simulator main object of this article, able to calculate
the box temperature and thermal autonomy in function of time. On
the same central server, a logistic model receives in real time the
box geo-localization data [11-13] and gives as output the
coordinates of the nearest center for safe blood storage in case of
box thermal autonomy exhaustion.

The objectives of this paper are:

1) Implementing a more realistic thermal exchange model for
the container, including air-blood and air-eutectic thermal
exchange correlations;

2) Evaluating the dynamic characteristics of the container, by
building diagrams which show the time variation of temperature
for air, blood and eutectic and liquid mass fraction variation with
time for eutectic;

3) Assessing the simulated performance of the container in
terms of duration of the cooling effect and number of blowers
interventions in different environmental conditions.

2. Features of the Blood Transport System

The main scope of the proposed integrated transport system is
enabling healthcare operators to monitor, track and certify the
quality of each transported biological good (plasma, blood,
platelets...), by a complete traceability of the transport.

The integrated transport system consists in the active
interaction between thermally insulated intelligent transport
containers for blood products storage and a central computer unit
dedicated to recording the whole history of the transport variables,
other than processing the data received from the smart boxes (e.g.
internal temperature and spatial position) to predict the exhaustion
time and the nearest point of collection where the material can be
safely stored. The transport boxes in motion dialogue with the
central unit by cloud connection.

2.1. Smart Box Constructional Features

The smart container is constantly cloud-connected to a central
server in order to monitor, record and signal, in real time, possible
failures and alerts for the main operational variables, as:

* Box inner temperature;
* Ambient temperature;
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* Relative humidity;

* Geo-localization (GPS, GSM, GLONASS, GALILEO);
* Speed of traveling;

* Accelerations;

» Tilting of the box;

* Physical integrity of the device;

* Date, time, minute

» Name of the responsible for each operation (switching on,
loading, shipping, delivering, unloading, switching off,
inspection).

In particular, regarding the latter function, each operator will
be equipped with a card by means of which he can interact with
the box; according to the field of expertise of the operator, he will
be allowed to all or just certain actions on the box (e.g., a
paramedic in charge for the transport will not be allowed to open
the box or change the temperature set-point, whereas a medicine
doctor will).

The box is designed to keep the inner temperature within a
safety range, defined by the user according to the type of product
and the external conditions. The cooling effect must contrast the
thermal flow which enters the box from the environment and is
ensured by eutectic plates confined in a separate compartment
from the blood storage area. The eutectic plates release their
thermal content when required, thanks to the “smart wall” which
separates the eutectic plates zone from the blood products storage
zone, providing the ventilation through correctly sized blowers
activated by the signals from the sensors mounted inside the box.
A scheme of the box components is shown in Figure 1.

[ Blood bags

I Eutectic material
[ Insulating material
[C""""1 Smart wall with blowers

Lengths in [mm)]

330

Figure 1: Schematic view of the Smart Box.

The box cooling system is not intended to cool down the
biologic material starting from ambient temperature; therefore, the
transported blood products need to be loaded at the desired
transport temperature. The box is designed to keep the temperature
range for no more than 5 hours.

The box functions are settable through a PLC equipped with
LCD monitor. Operators interacting with the smart box are
identified by a magnetic card which, basing on the permissions
released to each person, permits to enable or disable the various

250


http://www.astesj.com/

L. Damiani et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 1, 249-255 (2020)

box functions (opening, closing, change of settings ...). The box
can also be managed through an online portal from which the user
can monitor the status and interact with the boxes in travel.

2.2. Data Exchange

The above listed physical quantities are measured by means of
sensors installed in the Smart Box, sampled with a frequency of 5
Hz. Such quantities are sent to a central server. According to the
availability of GSM network, the collected data are stored in a local
memory from which they are sent to the server. If available, the
box can exploit a dedicated Wi-Fi router in place of the GSM.

In Figure 2 is shown the scheme of the network connections
for data exchange.

Box Data
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Figure 2: Box connection system.

3. Matlab Simulink Model

The dynamic modelling of a process has the purpose to
reproduce, using differential equations, the variation with time of
the system main parameters [14-17]. The variables observed by the
smart box blood transport model are the blood temperature and the
eutectic liquid mass fraction, which are influential parameters for
the blood status and for the box autonomy.

Compared to the simulation model described in [1], the system
of differential equations solved by the simulator here presented has
been improved by introducing the thermal exchange equations
between the air contained in the box and the stored blood and
eutectic material. The algorithm for switching on-off the blowers
has been set to have as controlling variable the temperature of the
air contained in the box, measured by thermocouples.

3.1. Air Thermal Balance

Equation 1 describes the thermal balance of the air contained
within the smart box, in contact with the blood, the eutectic, the
confinement walls and the electric blowers for its circulation. The
temperature of the air mass varies in function of the thermal flow
contributions to which it is subjected.

AT (t
Grot + Qew + o1 = MaiGC,air ‘Z—;() (1)
In Equation 1:

T,ir (t) is the temperature of the air contained within the box,
of mass Mg, having specific heat capacity Cj, 4, the latter
calculated in function of temperature by using the Langen
coefficients.

Gey and gy, represent the thermal flows exchanged between
the air and, respectively, the blocks of eutectic material and the
blood bags.
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dtor represents the total external flow heating up the material
in the box, which is the sum of the thermal flow entering from the
insulated walls (G ) and the electric power of the blowers (Gfqn),
as shown in Equation 2.

Qtot = Gext + q/‘an =
= Kboxsbox(Tamb — Tair (t)) 2
+ qfan

Ky ox and Sp,, are respectively the transmittance and external
surface area of the box walls, Ty, is the external ambient
temperature.

fan is the power of the four blowers (fans) installed in the
smart wall to ensure the air circulation when required; since the air
loop is closed, all the fans electric power (4 W) is injected into the
air stream and contributes to increase its temperature when fans are
active.

In Figure 3 is represented the scheme of the thermal balance
for the air, implemented with Simulink blocks.

AMBIENT FLOW
[wl TOTAL EXTERNAL FLOW
w
<l .
BLOWER FLOW BLOOD THERMAL FLOW
wi Wi
EUTECTIC THERMAL FLOW ) |
ks AIR THERMAL BALANCE
™
VOLUME AIR in BOX
s H
L= ]
AIR DENSITY T_AR ESTART
[kg/m~3] rel

Figure 3: Simulink block scheme for thermal balance of air contained in the
box.

3.2. Eutectic Thermal Balance

Equation 3 and Equation 4 reproduce the thermal balance of the
eutectic material; the first equation is employed in normal
operation, when the eutectic has not yet molten down completely
and represents the eutectic behavior during meltdown, describing
the liquid mass fraction time variation (X, (t)). Such parameter
increases from 0 to 1 while temperature remains at the equilibrium
value of — 2°C; the second equation considers the temperature
increase of the molten eutectic (T, (t)) subjected to the incoming
thermal flow.

Qeu_OP = heySeu (Teu(o) — Tair (t)) =

dX (1) 3)
= Mgy Teu %
C‘Ieu,EX = heySeu (Teu(t) — Tair (t)) =
dT,, (t) @)
=My, Cp_eu %

In these equations:
M,,, is the eutectic mass, set to 1 kg;

Tey 1s the latent meltdown heat of the eutectic, set to 265 070
J/kg;
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Cp_eu 1s the specific heat capacity of the liquid eutectic, set to
3560 J/kg K; .
’ qo1 = hpiSpi(Tair (t) — T (1)) = (6)
he, is the thermal exchange coefficient between air and - M.C dTy ()
eutectic material blocks, the latter having a total heat exchange T

surface equal to S,,,.

X (t) is the liquid mass fraction of the eutectic, defined in
Equation 5:
Mliq

X, () =——2
eu(®) Myiq + Mo )

M,;q and M, are the masses of liquid and solid eutectic during
transport time.

Figure 4 shows the block scheme implemented in Simulink for
the eutectic balance.

3.3. Blood Thermal Balance

Equation 6 represents the thermal balance of the blood
contained in the storage vane.

In Equation 6:

Ty (t) is the blood temperature; the correct range for
transport is between 4°C and 8°C.

M, is the mass of the stored blood, equal to 7 kg;

Cp_p1 1s the blood specific heat capacity, equal to 3900 J/kg
K;

hp; is the thermal exchange coefficient between air and
blood bags, the latter having a total heat exchange surface
equal to Sy;.

Figure 5 shows the block scheme implemented in Simulink
for the blood balance.

3.4. Heat Exchange Coefficients

To compute the heat exchange dynamics between the air
contained in the box and the blood and eutectic materials, it was
necessary to carry out a research regarding the thermal exchange

BLOOD EXCHANGE SURFACE BAGS EXCHANGE COEFF :I
[m?) n
h BLOGE ™ M’m ZK] W _‘
TAR i K o
T o 1) 0 asseLoon BLOOD THERVALBALANGE [ =
BLOOD THERMAL FLOW L] W
T.BLO0D M

[cl - §
— N T BLOGD_START
= [cl

Figure 5: Simulink block scheme for thermal balance for thermal balance of blood material.
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coefficients in confined narrow channels. [18-21]. Since the heat
exchange within the box may occur both in presence of forced air
circulation (blowers on) and in calm air (blowers off), two heat
exchange correlations have been individuated and applied to the
box geometric and thermo-fluid dynamical characteristics. The
correlations employed, based on Nusselt number, are presented
respectively in Equation 7 for the forced circulation case and in
Equation 8 for the natural circulation case:

Nu = 0.036 Re®76prt/3 (7)
(144  2.873\7%°
Ve = (57 * aos) (8)

Re being the circulating flow Reynolds number, calculated
basing on the mass flow rate of the blowers, equal to 0.018 kg/s;
Pr being the air Prandtl number and Ra the Rayleigh number, for
natural convection correlations.

These two correlations have been implemented in Simulink
blocks both for the blood compartment and for the eutectic
compartment, determining the heat exchange coefficients in
natural and forced convection; the switching between the two
conditions occurs in function of the on-off signal provided to the
blowers so that, when the latter are switched on, the heat exchange
coefficient used by thermal balance equations is the one obtained
by Equation 7; otherwise, the one obtained by Equation 8.

3.5. Temperature Control Modelling

Figure 6 illustrates the scheme, implemented in Matlab-
Simulink, of the box temperature control system [22], finalized to
keep the blood compartment in the safe temperature range.

The controlled variable is the box internal air temperature,
which is detected by sensors and sent to the control system.

The controlling variable is the on-off signal to the blowers,
managed according to the following logics:

Blowers switch-off as Tair(t) < Tmin;
Blowers switch-on as T;(t) > Tmax;

Keep blowers status (on or off) as temperature remains in the
desired range: Tmin < Tair(t) < Tmax.

Temperature range

Controlled variable:
Blood vane temperature

] Controlling variable:

= blowers on-off
] signal

I
[}

Switch for blowers control

Figure 6: Matlab-Simulink block scheme of the blowers control system.
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The control algorithm has been implemented by Matlab-
Simulink logic blocks: the time varying compartment temperature
is compared to the set-point values Tmin and Tmax, providing 0
or 1 signals which are sent to a multi-port switch that provides the
on-off signal to the blowers respecting the above-mentioned
logics.

4. Results of the Simulations

The smart box simulator improved with air-material thermal
exchange correlations has been tested to assess its behavior. The
main difference between the present model and the one proposed
in [1] stands in the explicit modeling of the air behavior inside the
compartments, operating as a heat vector during transport time.

The controlling variable selected to provide a feedback to the
blowers on-off signal is the internal air temperature, while in [1]
the blood temperature had been chosen. The control algorithm has
been set in order to switch on the circulation blowers as air
temperature approaches 8°C and to switch them off as it reaches
4°C. It has to be noticed that the blood loses its properties as its
temperature overcomes 8°C for a significant time period.

Regarding the environmental conditions of the test, two
different periods of the year have been chosen, namely May and
August, characterized by external air temperatures of respectively
21°C and 27°C.

The model outputs monitored during simulations are:

e The blood temperature, Ty, (t);

e The temperature of air contained in the box, Ty, (t);

e The liquid mass fraction of the eutectic X, (t), in the [0
— 1] range;

e The eutectic temperature T,,(t); as soon as X, (t)
reaches 1, the eutectic latent heat useful for cooling is
exhausted; however, some cooling is still ensured by the
eutectic sensible heat, while increasing its temperature;

e  The number of blowers on-off cycles;

e  The time to cooling effect exhaustion.

The following paragraphs illustrate the simulations results; the
tests have been performed setting the input parameters listed in the
3rd chapter and the simulator running time has been stopped after
about 7 hours (25 000 s).

AMBIENT TEMPERATURE 21°C

rature [C]

Figure 7: Blood and air temperatures in function of time (simulation for the month
of May).
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4.1. Results for the Month of May

Figure 7 shows the diagram of blood and air temperatures in
function of time.

The blood remains in the correct temperature range for all the
simulated time period, reaching a temperature of 6.9°C at the
instant of simulation stop (25 000 s, about 7 hours). The circulation
blowers are switched on for 36 times, as verifiable from the air
temperature curve. As soon as the eutectic reaches exhaustion,
internal air temperature increases tending to the ambient
temperature value.

Figure 8 shows the time diagram for eutectic temperature and
liquid mass fraction.

The eutectic effect ends at 16250 s (4.51 h), after which its
temperature increases from the equilibrium value of — 2°C and
tends, after a transient dictated by the material thermal capacity, to
reach equilibrium with the external temperature.
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Figure 8: Eutectic liquid mass fraction and temperature in function of time
(simulation for the month of May).

With respect to the results obtained in [1], the increase in the
number of blowers on-off interventions appears remarkable. This
effect is due to the inclusion of the air-materials thermal exchange
effect: the mass of air contained in the box is limited (0.03 kg) and
its specific heat is low compared to liquid or solid substances;
therefore, air temperature rises and falls result very fast with
respect to blood, which keeps almost constant temperature for all
the simulated period. Having chosen the internal air temperature
as control variable for the blower signal, the latter is forced to
follow the air behavior, which increases dramatically the number
of on-off switches.

Figure 9: Blood and air temperatures in function of time (simulation for the
month of August).
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4.2. Results for the Month of August

Figure 9 reports the diagram of blood and air temperatures in
function of time.

In the hot month of August, the blood temperature keeps below
8°C (blood deterioration threshold) for 24 701 s (6.86 h), and the
blowers are activated for 34 times. As soon as the eutectic reaches
exhaustion, internal air temperature increases tending to 27°C.

In figure 10 is shown the eutectic temperature and liquid mass
fraction diagram in function of time. The eutectic cooling effect is
exhausted after 11330 s (3.15 h).

AMBIENT TEMPERATURE 27°C

Figure 10: Eutectic liquid mass fraction and temperature in function of time
(simulation for the month of August).

Table 1 reports a synthesis of the simulations parameters and
results for the two periods considered.

Table 1: Synoptic table of the simulated parameters.

Parameter [Units] May August
Ambient temperature [°C] 21 27
Stored blood mass [kg] 7 7

Initial blood temperature [°C] 5 5
Eutectic mass [ke] 1 1
Eutectic equilibrium [°C] -2 -2
temperature
Blowers flow rate [kg/s] 0.018 0.018
Eutectic effect [h] 4.51 3.15
exhaustion time
Threshold temperature [h] >7 6.86
attainment time
Blowers interventions # 36 34

5. Conclusions

Blood products transport, topic of clear interest for the
healthcare sector, has been addressed in the original article [1],
which proposed a thermally insulated portable box equipped with
a ventilation cooling system and an informatics support system
monitoring the transport data (e.g. time remaining before the
exhaustion of cooling effect, the logistic data of the nearest blood
collection point...) through a central control unit. The present
extended paper addresses the improvement of the dynamic Matlab-
Simulink simulator for said blood transportation system.

The Matlab-Simulink model is supposed to help the correct
sizing of the box in a design phase (walls insulation, mass ratio
254


http://www.astesj.com/

L. Damiani et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 1, 249-255 (2020)

between eutectic and blood, blowers air flow rate, ...) and to
operate as an online simulator for calculating the box main
variables (blood temperature and remaining autonomy) during
transport.

The improvement on the Matlab-Simulink model, which
regarded the introduction of correlations for considering the
thermal exchanges between air and transported materials, is
expected to provide results more in accordance with real operation.

The test simulations have been carried out for two periods of
the year, namely May (21°C) and August (27°C). In general, the
results of the improved model showed a similar cooling effect
exhaustion time compared to the original model in [1]. The main
difference stands in the number of interventions of the controlled
blowers, which resulted about 7 times more frequent than what
predicted by the original model. This effect results from the
inclusion of the internal air heat exchange correlations and from
the choice of using air temperature as the controlling variable for
the blowers activation; being the small amount of air trapped
within the box very fast in increasing and decreasing temperature,
it results clear that the blowers will be called in operation
frequently.

Future development of the technology described in this paper
is the construction and testing of a smart-box for blood products
transport, in order to assess its real performance when interacting
with the actual environment. Also, more effort will be addressed
to the development of the inter-connection informatics system,
together with the implementation of an efficient geo-localization
and optimization algorithm for the indication of the nearby
healthcare facilities.
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