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Human blood plasma storage faces challenges like cold conditions, quality surveillance, stable freezing, and 
reliable facilities, while clinics lack transit chilling for quick processing at collection centres. A portable vapour 
compression chiller (PVCC) offers a secure solution for handling heat-susceptible items, addressing 
international health security risks, and delivering safe medical care in underdeveloped nations. Employing a 
copper tube evaporator (CTE) in contrast to a blast evaporator (BE), the research examines an improved dual-
stage vapour compression cascade technique (DSVCCT) that incorporates a storage compartment. A 12 kg 
storage capacity, 5 kVA generator provides a rapid, ultra-low temperature time-freezing temperature 
evaporator tested with cow blood plasma and monitored for freezer temperature decline and distribution. The 
system measurements are conducted to analyze the pull-down time (PDT), defrosting time (DT), power 
consumption (PC), coefficient of performance (COP), and overall efficiency (OE) at the different intermediate 
cascade temperatures. The system achieved -20°C with a pull-down time of 420 minutes, demonstrating 89.6% 
efficiency and 415.8 MJ and 105.6 MJ energy usage for copper tubes and blast evaporators, respectively. The 
refrigerating effect was recorded at 140.9 kJ/kg and 3.18 COP. The refrigerating effect was 140.9 kJ/kg and 3.18 
COP. The modified refrigeration technique has been found to extend plasma refrigeration systems' shelf life by 
four days off-cycle, saving 4.62 MJ of energy at zero emissions and cost-effectively. The design is energy-
efficient, suitable for energy-deficient economies due to its longer shelf life and portability, making it ideal for 
transporting and managing heat-sensitive drugs in healthcare areas with limited resources.
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The cascade refrigeration system is a promising low-temperature 
technology that utilizes an energy-efficient cycle for rapid freezing and 
maintaining desired storage temperatures (The machine's potential in 
various fields, including medicine, biology, business, agriculture, and 
industry, has sparked interest from academia and industry due to its 
numerous benefits (Rangare and Mishra, 2019).This system operates 
in frigid temperatures, with frozen cabinets' evaporating temperatures 
operating below -18°C (Oginniet al., 2024). For instance, cascade 
refrigeration technology is utilized in blood banks to preserve 
biological fluids like plasma and vaccines, but heat-sensitive 
immunizations may be challenging due to limited ultra-low 
temperature cold storage (WHO, 2022).
The cascade cycle is utilized for large temperature ranges, enhancing 
the refrigeration cycle coefficient of performance and allowing for 
adequate evaporator and condenser pressures by using refrigerants 
with decreasing boiling points (Shukla et al., 2018). Figure 1presents a 
cascade condenser that links the lower and higher temperature cycles 
together. It consists of a compressor, condenser, evaporator, heat 
exchanger, and throttle devices. The two single-stage refrigeration 
systems are connected in series to create a cascade system, with the 
lower system (PSS) maintaining a lower evaporating temperature and 
the upper system (SSS) extracting heat through a cascade condenser. 
Processes “a-b” compress low-pressure and low-temperature 
refrigerants isentropically, while operations “c-d” transfer heat to 
higher-temperature and pressure refrigerants. Processes “e-f” involve 
compressing, rejecting, and expanding. The refrigerant undergoes a 

throttling process of “g-h” by expanding isentropically, then moves to a 
cascade condenser for heat transfer between two refrigerants 
(Oginniet al., 2023; Pan et al., 2020; Ustaoglu et al., 2020).

In many industries and medical sectors, the time to achieve the desired 
temperature is paramount. Refrigerants R410A and R404A were 
chosen for rapid homogeneous freezing and storing fresh blood plasma 
(Nagraju et al., 2015). In terms of refrigerating effect and discharge 
pressure, R410A is slightly better than that of R22, achieving low 
temperatures in a short time. R404A is recommended for domestic 
refrigeration purposes, while R410A is preferred over R22 due to its 
better mass flow rate (Chakravarthy and Deva-kumar, 2012; Zhou et al., 
2018).
Global vaccine delivery is a complex task requiring meticulous storage, 
handling, and transportation in temperature-controlled environments. 
Research reveals blood donation and healthcare centers lack mobile 
refrigeration facilities for plasma preparation (Mota-Babiloni et al., 
2020). A revolutionary design for a mobile device that optimizes 
processing and storage for secure delivery at all healthcare levels is 
required(Zhang et al., 2022; Lemboye et al., 2015). Plasma consists of 
91% to 92% water, with the remaining 8% to 9% comprising glucose, 
hormones, proteins, minerals, vitamins, waste materials, clotting 
factors, immunoglobulins, and carbon dioxide (Alhumaidan et al., 
2010). It is essential for blood components to flow around the body and 
is primarily water absorbed by the intestines from consumed food and 
liquids (Upadhyay and Pangtey, 2016; Adkins et al., 2022).Blood plasma 
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Figure 2: Machine components
 

preservation faces challenges in maintaining stable, low-temperature 
environments, monitoring plasma quality, delayed freezing periods, 
and temperature-sensitive storage systems in traditional medical 
freezers and procedures (Zhang et al., 2022). 
The cascade refrigeration system ensures a consistent blood product 
supply in ultra-low temperature applications, but blood donation 
clinics lack a transit refrigeration system for immediate plasma 
processing. The study proposes a mobile copper tube-based system for 
efficient off-cycle freezing and defrosting, improving healthcare 
delivery in rural areas. It addresses processing delays, poor 
temperature control, and cold-storage issues, ensuring zero emissions.

2. Materials and Method
The machine, consisting of a compressor for a high-temperature circuit 

(HTC) and a low-temperature circuit (LTC), a condenser, expansion 
valves, and an electrical fan motor, was assembled using various 
methods. It was filled with the appropriate refrigerant and tested using 
pressure and temperature detectors to determine its performance 
coefficient. The main raw material required for system evaluation is 
cattle blood plasma (Gratten et al., 2018). The thermodynamic analysis 
was simplified by assuming all components operate at a steady state, 
with negligible changes in kinetic and potential energy, minimal heat 
loss, and a pressure drop. The refrigerating chamber with suspended 
plasma is computer-aided, and a two-stage cascade refrigeration 
system is assembled for speedy freezing and compact unit assembly for 
mobility. The developed system parts and description are as shown in 
Table 1, while Figure 2 presents the machine components (Leonardo et 
al., 2018; Chen et al., 2019).

Figure 1: Dual-phase Refrigeration System (Ustaoglu et al., 2020)

Table 1: System parts and descrip�on
 

Item Part Number Descrip�on Quantity 

1
 

Frame
 

Mild steel angle iron
 

1
 

2
 

Insulator
 

Styrofoam
 

1
 

3
 

Cover
 

Stainless steel plate
 

1
 

4
 

Hinger
 

Stainless
 

steel rod
 

2
 

5
 

Side plate cover
 

Stainless steel plate
 

1
 

6

 

Hangers

 

Mild steel

  

7

 

Plasma bag

 

Paediatric bag

 

8

 

8

 

Cascade evaporator

 

8mm copper pipe

 

1

 

9

 

Evaporator

 

8mm copper pipe

 

1

 

10

 

Cascade container

 

Stainless steel plate

 

1

 

11

 

Cascade condenser

 

8mm copper pipe

 

1

 

12

 

Compressor

 

0.5 hp compressor

 

2

 

13

 

Condenser

 

8mm aluminium

 

1

 

14

 

Condenser holder

 

Mild steel plate

 

4

 

    

   

 

 

 

 

 

 

 

15

16

17

 

18

 

19

 

20

 

21

 

22

 

23

 

24

25

 

Capillary tube

Tubing 1

Tubing 2

 

Tubing 3

 

Tubing 4

 

Tubing 5

 

Tubing 6

 

Tubing 7

 

Tubing 8

 

Front cover plate

Control

 

3mm capillary tube

8mm copper tube

8mm copper tube

 

8mm copper tube

 

8mm copper tube

 

8mm copper tube

 

8mm copper tube

 

8mm copper tube

 

8mm copper tube

 

Mild steel plate

Digital control system

 

2

1

1

1

1

1

1

1

1

2

1
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R410A and R404A are popular refrigerants for rapid homogeneous 
freezing and storage of blood plasma, offering superior 
thermodynamic properties, better discharge pressure, and mass flow 
rate. This making it preferred for domestic refrigeration and crucial in 
industries like medicine (Mondragon et al., 2018).
2.1 Cycle Analysis 
2.1.1 Determination of Heat Load  
The wall heat gain load measures heat transfer in a refrigerated room, 
influenced by temperature differential, thermal resistance, thickness, 
and surface area. The ambient product temperature (ATP) is 293 K, the 
frozen plasma temperature (FPT) is 253 K, and the change in 
temperature ( 0.37 ∆  T ) is 40 K. The cooling chamber insulation area is 

2m , and the heat flow rate is 0.84 kW as calculated in Equations 1 and 2 
(Abdulghafor et al., 2024).

The evaporator's walls pass 912 kW of heat for three hours, crucial for 
cold storage, with eight (8) blood plasma bags per batch placed in the 
chilling chamber is estimated using Equation 3 (Prommas et al., 2019).

The product load of a system is determined by dividing freezing load 
into three groups: chilling load above freezing, cooling load below 
freezing, and freezing load. The heat of 574kW is accumulated during a 
2kg blood plasma cooling from 35°C to -0.59°C, which freezes at -
0.59°C, as calculated using Equation 4 (Prommas et al., 2019).

The cascade system requires 2115 W of product heat load due to the 
additional cooling load below freezing, which requires 282 kW of heat 
and 1259 kW of energy as contained in Equations 5 and 6 (Tsatsaronis 
and Morosuk, 2018).

The infiltration of 1.55 W air into a frigid room is influenced by 

temperature and size differences. 0.205 kg samples are packaged in 
plastic bags, resulting in a total heat gain of 4.25 W. The heat loads 
required for a 40% safety factor is 2.97 kW in total as determined by 
Equations 7 and 8 (Tsatsaronis and Morosuk, 2018).

A 1 hp compressor is needed for 3.97 kW refrigeration, with evaporator 
and condenser purchased based on capacity. LTC condenser's design, 
1.726 kW, and HTC condenser (Q ), reject (H ) 1.954 kW of heat as H L

stated in Equations 9 to 11, respectively (Tsatsaronis and Morosuk, 
2018).

2.1.2 Fabrication and System Performance Evaluation
The unit technique involved soldering, welding, and securing 
components like the evaporator, compressors, condenser, fan, heat 
exchanger, expansion valves, copper tube, and line connections. The 
two-stage vapour compression refrigerating system is constructed 
and fabricated with integrated circuit breakers for safety and digital 
thermocouples for efficiency computation. Figures 3 to 8 present the 
machine parts assembly, rear view, side view, refrigerating chamber, 
storage unit, and complete system assembly, respectively. The 
cascade freezer with a copper tube evaporator and the cascade 
freezer with a blast evaporator (Oginniet al., 2024) for evaluation are 
shown in Figures 9 and 10.
Animal blood from Ekiti State veterinary farm was centrifuged at Ekiti 
State Teaching Hospital, Nigeria, and samples were packed into 200-
ml units and frozen in the machine cooling chamber of Figures 9 and 
10 having copper tubes and a blast evaporator for evaluation and 
comparison. Refractometer protein tests were conducted before 
and after freezing, evaluating system performance at no load, 
varying blood plasma loads, and constant load, recording the time 
taken to form frozen plasma.

A 	=	hw	+	lh	+	whcci

H 	=	 ∆	TUAf

(1)

(2)

H 	=	 H tf 	ew (3)

H 	=	M C ∆	Tf 	p 	p 0 (4)

H 	=	M C ∆	Tb 	p 	p i (5)

H 	=	M Lf 	p 	p (6)

H 	=	M C 	(T 	-	T 	)inf 	i 	a 0 i (7)

H 	=	M C 	(T 	-	T 	)	103

pk 	pk 	pk 0 i (8)

H 	=	 ∆	TUAr (9)

H	=	m	(h 	-	h 	)l 	l b c (10)

H 	=	m	(h 	-	h 	)h 	l f g (11)

Support

Cascade condenser

Fan motor

PSS  CompressorLTC

SSS  CompressorHTC

Figure 3: Machine parts assembly
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 Compressor

Condenser

Heat exchanger

Figure 5: System Side view assembly

Evaporator coils

Refrigerating chamber

Figure 6: Refrigerating chamber 

Heat exchanger Coils

Vapour line

Heat exchanger Coils

Figure 4: System rear view assembly

 

4

Cooling wall

Refrigerating chamber

Figure 7: Storage unit
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Storage unit

Condenser

Compressors

Suction line

Figure 8: Complete system assembly

 
 
 
 
 
 
 
 

Top cover

Seal

Refrigerating chamber

Figure 9: Cascade freezer with copper tube evaporator

Figure 10: Cascade freezer with blast evaporator (Oginni et al., 2024).

The machine was operated under specific conditions, including varying 
o oevaporator (-20 to -4  C), condenser (40 to 48 C), and cascade condenser 

otemperatures (2 to 6 C), while maintaining other parameters constant. 

Table 2 presents the mathematical expressions used to obtained other results 

from the system performance(Wang et al., 2020; Caramello et al., 2019).
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Figure 12: System pull-down time at no-load

3. Results and Discussion
3.1 Variation of Evaporator Temperature and System Pull-Down Time 
at No-Load
Figure 12 demonstrates temperature variations in an evaporator under 
no load, showing that blast and copper tube evaporators take 73 and 

o o180 minutes to change air temperature from 35 C to -20 C. The 
duration of cooling chamber confined air experiences a cooling effect 
more as it takes longer (Wang et al., 2020).The blast evaporator exhibits 
a faster cooling rate compared to the copper tube evaporator.

3.2  Variation of Evaporator Temperature with Time at Varying Load
Figure 13 shows performance assessment tests and experimental 
adjustments for a copper tube evaporator, comparing plasma mass 
proportion with frozen creation period. The freezing states of 0.512 kg, 
1.024 kg, and 2.048 kg of fresh plasma masses increased gradually over 
time increments of 180, 250, and 420 minutes, respectively. Time 
significantly impacts the mass required for a new plasma to transition 
into its frozen stat

Table 2: Mathema�cal equa�ons for primary (low) and secondary (high) temperature cycles

 

Parameters

 

Symbol

 

Primary Stage System (PSS)

 

Secondary Stage System (SSS)

 

Refrigera�ng effect

          
Mass flow rate

  
 

 Compressor pressure ra�o

  
	  Compressor work

 	  
 

 
Compressor power

 	
 

   

Condenser heat rejection
 	

 
  

Coefficient of Performance 	
   

Reversed Cycle COP 	

 

	

 

System Efficiency  
  

Cascade System COP
  

 

System Isentropic efficiency

  

System’s relative effec�veness

  

Ce

ṁ

Pr

Hr

Pcomp

Wcomp

COPc

COPideal,l

nl

COPcas

Icas

REcas

C 	=	h -	he a d

ṁ 	=	l

Hce

eC

P 	=	rl

Pdl

slP

W 	=	(h -	h 	)comp,l b a

P 	=	m -	Wcl l CL
̇

H 	=	m 	(h -	h 	)rl l b c

C 	=	h -	hce,h e h

P 	=	m 	(h -	h 	)CH H 6 5

H 	=	m 	(h -	h 	)comp,h l f g

W 	=	(h -	h 	)comp,h f e

m 	=	h

m	(h -	h 	)l b c

(h -	h 	)e h

P 	=	rh

Pdh

Psh

COP 	=	h

Ce

comp,hW

COP 	=	ideal,h

h

c,h	 e,ht -	t

n 	=	h

COPa,h

ideal,hCOP

COP 	=	cas

COPa,h

l,c h,cW  + W

I 	=	cas

100Wrev

aW

=	
COPl

ideal,lCOP
REcas

n 	=	r

COPl

ideal,lCOP

COP 	=	ideal,l

terl
cr,l	 e,lt -	t

COP 	=	l

Ce

comp,lW
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Figure 13: Cooling load temperature-time
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Table 3: Effect of change in evaporator temperature on other parameters

Table 4: Effect of change in condenser temperature on other parameters

Table 5: Effect of varia�on in temperature in cascade condenser on other parameters
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3.3 Impact of in Evaporator, Condenser and Cascade Condenser 

Temperatures on Other Parameters
Table 3 outlines the impact of evaporator temperature variations from 

o o-20 C to -4 C on system operation at fixed and cascade condenser 
temperatures, citing experimental results on suction and discharge 
temperature. The influence of temperature changes on various 
evaporator variables, such as mass flow rates, coefficient of 

performance, and efficiencies in both cycles, was revealed. Tables 4 
and 5 illustrate the effects of temperature changes in condensate and 
cascade condensers at 40 to 48°C elevations and 6 to 2°C, while 
maintaining all other parameters unchanged. The results of the impact 
changes in condenser temperatures and cascading response, as well as 
the coefficient of performance, chilling effect, and efficiencies, were as 
presented.
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Figure 14: Refrigeraating effect against Isentropic efficiency

Figure 15: Evaporator temperature against refrigerating effect
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3.6 Temperature Variation and Frosting and De-Frosting Time
Figure 16 displays samples of fresh frozen plasma at -20°C stored for 
stable temperature and defrosting period monitoring via off-cycle. 
Figure 17 illustrates the freezing rate of fresh plasma and its impact on 

otemperature variation. It takes 420 minutes to freeze plasma from 35 C 
oto -20 C using a copper tube evaporator. The system maintains plasma 

onutritional value for 76 hours at -20 C, retaining its fresh state. The 
machine is suitable for plasma management, quick freezing storage, 
and distribution of heat-sensitive medications and vaccines, offering 
energy efficiency for commercial use in both developed and 
developing economies.

3.4 System Refrigerating Effect and Isentropic efficiency
Figure 14 shows that the refrigerating effect decreases with a higher 

ocascade condenser temperature from 2 to 6.1 C., while the isentropic 
efficacy increases from 40.13 to 41.79% with a temperature differential 

oof 1 C, resulting in a decrease from 140.9 to 145.3 kJ/kg. The graph 
indicates that the system's productivity increases with an increase in 
the cascade condenser temperature.
3.5 Relation between Evaporator temperature, Refrigerating Effect and 

COP
Figure 15 shows that the system coefficient of performance (COP) 
increases (3.18 to 3.36) with evaporator temperature (-20 to -4 °C), 
resulting in an improvement in refrigerating capacity power, as the 
overall COP improves with rising vaporization temperatures. The COP 
decreases from 3.0 to 2.54 with increased condenser temperature (40 
to 48 °C), indicating a left-to-right sliding slope, indicating that higher 
condensing temperatures increase productivity. 
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Figure 17: Frosting and De-frosting time against temperature

3.7 Comparative Analysis of Copper Tube and Blast Evaporator Freezers
Table 5 compares the energy consumption of copper coil evaporators 
and blast evaporator refrigerators, revealing that blast evaporator 

freezers are more energy-efficient and cost-effective for freezing, while 
copper tube evaporators show increased energy conservation off-
cycle.

Table 5 :Compara�ve analysis of copper tube and blast evaporator freezers 

Product Name  Copper tube Evaporator Machine  Blast Evaporator Machine  

Hours used
 

Max temp.
 

  
 

Running �me (minutes)
 

Power consumed per day (kwh)
 

Power consumed per year (MJ)

  

Total Energy Cost per year (Naira)

  

Heat Reten�on

  

Energy-saving at off-cycle

  

Cost effec�veness

  

Energy saving on-cycle

  

Frosting time

  

Defros�ng time 

  

Ice builds up 

  

Door services at storage

 

Limitation of freezing temperature 

 

6
-20oC

 

420
 

4620
 

415.8

 

1,074,150

 

Better

 

Better

 

Good

 

Good

 

Low 

 

High  

 

Big 

 

Favored 

 

Built-up ice and refrigerants

 

2
-20 oC

80

880

105.6

272,800

Good

Good

Better

Better

High 
Low 

Small 

Not-favored

 

Refrigerants
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Figure 18: Comparison of Protein retention by blast and copper tube evaporators
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Overall heat transfer coefficient
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kJ
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kJ/kgK
kJ/kg
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wh
U

Ḣf

A
t

Hf

Ḣew

∆To

Mp

Cp

Hb

4. Conclusion 
The research developed a compact two-stage vapour compression 
refrigerator using a heat exchanger system and copper coil evaporator, 
powered by a 12 kg temperature-controlled storage capacity and a 5 
kVA generator. Cattle blood plasma evaluated system performance, 
achieving 89.6% efficiency and 3.18 COP beyond storage hours. Deep-
freezing system preserves plasma quality for 72 hours without 
recharge. The work compares two energy-efficient, portable, and fast-
performing systems for frozen plasma solidification, including a copper 
tube evaporator that outperforms traditional refrigerators for long-
term storage and rapid freezing. The blast evaporator model effectively 
freezes products to low temperatures, saving energy and stabilizing 
plasma proteins, extending shelf life, and enhancing heat-sensitive 
medicine management. Both techniques ensured uniform and 
effective freezing of plasma proteins when hanging on hangers, 
enhancing heat-sensitive drug handling. The device is recommended 

for efficient healthcare delivery in remote developing nations due to its 
energy-saving features and lower energy consumption compared to 
traditional freezers. The study suggests a compact system combining a 
copper tube and blast evaporator for addressing variations in freezing 
and defrosting times.
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3.8 Comparison of Protein Retention by Blast and Copper Tube 
Evaporators
As presented, Figure 18 analyzed plasma protein concentration and 
quality indicators before and after freezing in a temperature-controlled 
storage system, comparing the efficiency of cooper tubes and blast-
evaporator freezers in preserving frozen plasma concentrations off-
cycle. Both systems maintained raw plasma concentration for two 
days, except for the blast evaporator's drop after a 50-hour power 
outage. The plasma machine's design is cost-effective and efficient for 
preserving frozen plasma and transporting heat-sensitive medical 
goods, maintaining protein characteristics for transfusion (Prommas et 
al., 2019; Tsatsaronis and Morosuk, 2018; Aktemur et al., 2021). The 

experimental freezer effectively manages fresh blood plasma quality, 
reducing energy costs and making it economically feasible in 
industrialized countries. Motorized, temperature-controlled freezers 
are beneficial in low-income and emerging nations for heat-sensitive 
biological tissues (Traclet et al., 2015; Smith et al., 2013; Arcot et al., 
2020).
Both evaporator types-maintained plasma content quality for 48 hours 
off-cycle, while blast evaporator quality decreased beyond 72 hours 
due to energy loss from opening the service door. The plasma freezer 
design, including copper tubes and blast evaporators, is efficient for 
storing frozen plasma in resource-limited areas and transporting heat-
sensitive medicinal supplies, maintaining quality for 48 hours off-cycle.
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