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Abstract 

Nowadays, mild hypothermia is widely used in the fields of post-cardiac arrest resuscitation, stroke, cerebral hemor-
rhage, large-scale cerebral infarction, and craniocerebral injury. In this paper, a locally mixed sub-low temperature 
device is designed, and the cold and hot water mixing experiment is used to simulate the human blood transfer 
process. To set a foundation for the optimization of the heat transfer system, the static characteristics are analyzed 
by building the mathematic model and setting up the experimental station. In addition, the affection of several key 
structure parameters is researched. Through experimental and simulation studies, it can be concluded that, firstly, the 
mathematical model proved to be effective. Secondly, the results of simulation experiments show that 14.52 °C refrig-
eration can reduce the original temperature of 33.42 °C to 32.02 °C, and the temperature of refrigerated blood rises to 
18.64 °C, and the average error is about 0.3 °C. Thirdly, as the thermal conductivity of the vascular sheath increases, the 
efficiency of the heat exchange system also increases significantly. Finally, as the input cold blood flow rate increases, 
the mass increases and the temperature of the mixed blood temperature decreases. It provides a research basis for 
subsequent research on local fixed-point sub-low temperature control technology.
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1  Introduction
Recently, mild therapeutic hypothermia (refers to delib-
erate reduction of the core body temperature, typically 
to a range of 32 °C to 34 °C) has been widely used in the 
treatment of post-cardiac resuscitation, stroke, cerebral 
hemorrhage, large-area cerebral infarction and crani-
ocerebral injury [1–4]. A group of patients with severe 
craniocerebral trauma were treated by body surface 
cooling method used by Metz in 1996. Seven of the 10 
patients recovered to the normal state. In 1996, Reith also 
found that timely reduction of body temperature after 
stroke can help reduce mortality by clinical observation 
of 390 stroke patients [5, 6]. Twelve patients with car-
diac arrest and resuscitation were rescued through mild 

hypothermia at the First Affiliated Hospital of Wenzhou 
Medical University from 2013 to 2017, and nine patients 
survived. Induced hypothermia is an acknowledged use-
ful therapy for treating conditions that leads to cell and 
tissue damage caused by ischemia, including traumatic 
brain injury, stroke, and cardiac arrest [7–9].

Mild therapeutic hypothermia mainly uses drug 
cooling and physical cooling. The method of cooling 
the drug is to induce the cooling of the central nerv-
ous system by intravenously injecting drugs such as 
dihydrocapsaicin, vasopressin, opioids and endocan-
nabinoids into the central nervous system [10–12]. 
Drug-induced hypothermia has the characteristics of 
low temperature control, low incidence of chills and 
neuroprotection. However, low temperature affects 
the metabolism of drugs and increases the toxicity of 
drugs. At present, the dose and adverse reactions of 
drug-lowering drugs still need to be further clarified 
[13, 14]. Therefore, the hyaluronic treatment method 
currently used in clinical practice is still the treatment 
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of physical cooling and physical combined drug cool-
ing. Physical cooling includes body surface cooling 
and intravascular heat exchange. Body surface cooling 
uses ice blankets, alcohol rubbing baths, body parts 
of the large blood vessels (such as the groin, armpits 
and neck) coated with ice packs, circulating cold air 
treatment and / or rectal or bladder ice water rinse 
to induce and maintain body temperature; there are 
also methods that use the head to focus on sub-hypo-
thermia, such as ice caps or semiconductor-applied 
cooling [15–17]. Although the body surface cooling 
method can reach the target temperature, the induc-
tion process of this type of cooling method is long 
and the temperature fluctuation range is large. The 
experimental study found that the time to reach the 
sub-low temperature through the body surface cool-
ing is 7.0 ± 2.6 h, and the rewarming time is 8.2 ± 0.8 
h, at the same time, the time to reach sub-low tem-
perature by intravascular heat exchange was only 
4.8 ± 1.9 h, and the rewarming time was 6.0 ± 0.5 h. 
Intravascular heat exchange cooling is the use of an 
interventional method to insert a temperature control 
catheter into the human arterial blood vessel, directly 
cooling/ rewarming the blood, and the cooling saline 
is pumped into the catheter to fully contact the blood 
for heat exchange, and then flow back through the 
catheter to the temperature control. In the system [18, 
19], however, because it belongs to systemic cooling, it 
will bring some complications, the incidence of hypo-
tension, hypovolemia, bradycardia, and arrhythmia is 
36% to 58% [20]. The incidence of complications in the 
digestive system and metabolic system is 95.5% [21], 
and the diaphragm is induced by hypothermia [22]. 
At the same time, insulin secretion is inhibited dur-
ing cooling, and hyperglycemia is prone to occur [20, 
23–25].

Many domestic and foreign scholars have conducted 
many animal experiments. The results show that selec-
tive brain hypothermia can also significantly reduce 
secondary brain damage and brain edema in cerebral 
ischemia and experimental brain injury animals, which 
can reduce harmful substances and protect nerve 
function and improve survival rate [26–29]. Therefore, 
there is a need in the clinic for a treatment technique 
that can locally achieve and maintain a sub-hypotherm 
state to improve the effect of hypothermia treatment 
and reduce the complications caused by systemic cool-
ing [30]. In this paper, a local sub-hypotherm device 
that can achieve mixed cooling is designed to provide a 
research basis for the subsequent study of local fixed-
point sub-hypothermia control technology.

2 � Invasive Mild Hypothermic Blood Cooling 
System

The blood cooling process is shown in Figure 1. Firstly, 
the blood in the body is pumped to the external tem-
perature control device by the blood pump and the 
blood vessel sheath. In addition, the temperature con-
trol device cools the pumped blood. Finally, the cooled 
blood is introduced into the blood vessel in the tissue 
to be cooled through the vascular sheath by the blood 
pump.

The heat exchange process is divided into three 
stages. The first stage is the process of pumping the 
blood from the vascular sheath to the tissue to be 
cooled, which is the partition wall heat exchange; the 
second stage is the cooling of the blood at the vascular 
sheath outlet. In the arterial hot blood mixing process, 
this stage is mixed heat exchange; the third stage is the 
heat exchange between the mixed blood and the tissue.

At present, the common vascular sheath insertion 
sites are the femoral artery and the carotid artery. In 
the first stage of the wall heat exchange process, since 
the blood flow direction in the artery is from the heart 
end to the body tissues, when the vascular sheath is 
inserted by the femoral artery, it is the countercur-
rent wall heat exchange. It is a downstream wall heat 
exchange, when the sheath is inserted by the carotid 
artery.

3 � Mathematic Formulation
In order to study the temperature change in blood ves-
sels, the complex shape and distribution of blood ves-
sels are first simplified, and the heat transfer between 
the blood vessels and the cold blood in the blood vessel 
sheath is discussed. With hypothesis below:

1)	 Ignore the influence of blood flow pulsation;
2)	 Ignore the influence of blood vessel wall;

Figure 1  Simplified blood cooling method



Page 3 of 9Wang et al. Chin. J. Mech. Eng.           (2021) 34:23 	

3)	 Ignore the tissue influence of hot and cold blood heat 
exchange.

3.1 � Concurrent Heat Transfer
When the vascular sheath is inserted into the blood vessel 
at the upper end of the heart, the cold blood in the vascu-
lar sheath flows in the same direction as the blood in the 
blood vessel, and belongs to the downstream heat exchange 
(Figure 2). The heat transfer is divided into two stages. The 
first stage is the exchange of heat between the hot and cold 
liquid through the vascular sheath, and the second stage is 
the mixed heat exchange between the hot and cold liquid at 
the outlet of the vascular sheath.

3.1.1 � The First Stage
Selecting a small segment of the x-position of the vascular 
sheath for energy analysis, the heat lost by the hot blood is 
just the heat gained by the cold blood

where Cp1 is the heat capacity flow rate of hot blood, 
and temperature is Th; Cp2 is the heat capacity flow rate 
of hot blood, and temperature is Tc; Q is heat transfer.

Assuming the heat exchange area of the hot and cold 
fluid is dA at this time, and the heat transfer amount of the 
micro-element is obtained by Newton’s law of cooling:

where U is the heat transfer coefficient. And

Bring Eq. (1) into Eq. (3) to get:

Substitute Eq. (2) into Eq. (4) and sort out the equilib-
rium of the microelement:

Integrate Eq. (5) the boundary condition:

(1)−ṁ1Cp1dTh = dQ = ṁ2Cp2dTc,

(2)dQ = U�TdA,

(3)d�T = dTh − dTc.

(4)d�T = −dQ
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Solve:

Combine Eq. (6) and Eq. (2):

When A = 0, Q = 0, the integral of Eq. (7) is:

When A = 0,

Combining Eqs. (8)‒(10),

3.1.2 � The Second Stage
Ignore the loss of other heat, according to energy quality 
and energy conservation:

3.2 � Countercurrent Heat Transfer
When the vascular sheath is inserted into the blood vessel 
at the upper end of the heart, the cold blood in the vascular 
sheath is opposite to the blood flow in the blood vessel and 
belongs to countercurrent heat exchange (Figure  3). The 
heat transfer is divided into two stages. The first stage is the 
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ṁ2Cp2

(

1− e
−U

(

1
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Figure 2  Flow direction of downstream heat transfer
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exchange of heat between the hot and cold liquid through 
the vascular sheath, and the second stage is the mixed heat 
exchange between the hot and cold liquid at the outlet of 
the vascular sheath.

According to conservation of energy,

Newton’s law of cooling:

3.3 � Calculation of heat transfer coefficient
The heat transfer coefficient U is

Among them, hhot and hcool is the surface heat exchange 
coefficient of hot and cold liquid, δ is wall thickness, � is 
thermal conductivity of the tube wall,

where D is the diameter of the runner, and

where Re is Reynolds number. v, ρ, μ are the fluid velocity, 
density and viscosity coefficient, respectively.

When Re ≤ 2200 , using the Seider-Tate formula
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ṁ2Cp2



1− e
U

�

1
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When 2200 ≤ Re ≤ 10000, using the Gnilinski formula

When Re > 10000,

4 � Comparison of Results from Simulation 
and Experiments

In order to verify the reliability of the mathematical 
model, the simulated blood cooling scheme was designed 
as follows.

1)	 Water simulates human blood.
2)	 Diaphragm pump simulates heart pumping and the 

flow rate is set to 500 mL/min.
3)	 PU tube with a diameter of 6 mm simulates human 

arterial vessels.
4)	 T-type tee simulates vascular sheath insertion into 

blood vessels.
5)	 Use T-type tee to measure the temperature of the 

inlet/outlet liquid of hot and cold liquid.
6)	 Connection between different caliber pipes through 

reducer joints.

By varying the diameter, material and length of the vas-
cular sheath, the inlet temperature of the cooling liquid 
and the inlet flow, the resulting hot and cold liquid outlet 
temperature is compared to the theoretical model.

The simulation scheme is shown in Figures  4 and 5. 
The experimental station of the simulated heat transfer 
system is shown in Figure 6. The water in the refrigerat-
ing device and the incubator is pumped separately by the 
water pump and the temperature of the cold water and 
the hot water is measured by the sensor. Then, the vas-
cular sheath is inserted into the blood vessel by using a 
tee. The vascular sheath is also introduced into the blood 
vessel by using a tee, and the temperature of the hot and 
cold water after the first-stage heat exchange is measured 
by a sensor.

The experimental parameters of the first group are 
shown in Table 1. The measured cold and hot liquid out-
let temperature of the countercurrent is compared with 
the calculated liquid outlet temperature curve of the 
model, and the model is verified. The comparison results 
are shown in Table  2, in the countercurrent hot liquid 
outlet. In the prediction of temperature, the relative error 
is within 0.014%, and the relative error in the prediction 
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Figure 3  Flow direction of countercurrent heat transfer
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of the countercurrent cold liquid outlet temperature is 
within 4.7%.

The experimental parameters of the second group are 
shown in Table 3. The measured cold and hot liquid out-
let temperature of the countercurrent is compared with 
the calculated liquid outlet temperature curve of the 
model, and the model is verified. The comparison results 
are shown in Table  4, in the countercurrent hot liquid 
outlet. In the prediction of temperature, the relative error 
is within 0.015%, and the relative error in the prediction 

of the countercurrent cold liquid outlet temperature is 
within 3.5%.

The experimental parameters of the second group are 
shown in Table 5. The measured cold and hot liquid out-
let temperature of the downstream is compared with the 
calculated liquid outlet temperature curve of the model, 

 

1 2 

3 

4 5 6 

7 

vascular sheath 

blood vessel 

Figure 4  Diagram of the structure of the downstream simulation 
system: (1) Water tank, (2) Hot and cold mixing, (3) Temperature 
sensor, (4) Cold water tank, (5) Water pump, (6) Reducer, (7) Analog 
intubation

Figure 5  Diagram of the structure of the countercurrent simulation 
system

Figure 6  The experimental station of the simulated heat transfer 
system

Table 1  Experimental parameters

Flow Vascular sheath

Cold Hot Length Diameter Material

130 mL 500 mL 800 mm 2.5 mm PU

Table 2  Inlet and outlet temperatures (°C)

Inlet Theoretical outlet Experimental 
outlet

Cold Hot Cold Hot Cold Hot

14.52 33.42 18.67 32.33 18.64 32.03

15.06 33.45 19.10 32.39 19.09 32.06

15.53 33.45 19.44 32.41 19.45 32.07

16.09 33.46 19.90 32.46 19.84 32.09

16.50 33.45 20.22 32.47 20.13 32.05

17.05 33.16 20.58 32.23 21.54 31.77

Table 3  Experimental parameters

Flow Vascular sheath

Cold Hot Length Diameter Material

130 mL 500 mL 800 mm 2 mm PVC
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and the model is verified. The comparison results are 
shown in Table  6, in the downstream hot liquid outlet. 
In the prediction of temperature, the relative error is 
within 0.01%, and the relative error in the prediction of 
the downstream cold liquid outlet temperature is within 
2.7%.

The experimental parameters of the second group are 
shown in Table 7. The measured cold and hot liquid out-
let temperature of the countercurrent is compared with 
the calculated liquid outlet temperature curve of the 
model, and the model is verified. The comparison results 

are shown in Table  8, in the countercurrent hot liquid 
outlet. In the prediction of temperature, the relative error 
is within 0.29%, and the relative error in the prediction 
of the countercurrent cold liquid outlet temperature is 
within 1.3%.

Figures  7 and 8 compare the measured cold and hot 
liquid outlet temperature of the forward and reverse 
flow with the model calculated liquid outlet temperature 
curve, and the temperature variables of the model are 
verified. The comparison results are shown in Figures  7 

Table 4  Inlet and outlet temperatures (°C) 

Inlet Theoretical outlet Experimental 
outlet

Cold Hot Cold Hot Cold Hot

14.50 32.96 16.47 32.44 17.01 32.05

15.00 33.01 16.92 32.50 17.45 32.04

15.60 33.02 17.46 32.53 18.02 32.05

15.99 32.99 17.80 32.51 18.36 32.09

16.46 33.02 18.21 32.55 18.80 32.06

17.00 32.52 18.65 32.08 19.30 32.07

Table 5  Experimental parameters

Flow Vascular sheath

Cold Hot Length Diameter Material

130 mL 500 mL 400 mm 2.5 mm PU

Table 6  Inlet and outlet temperatures (°C)

Inlet Theoretical outlet Experimental 
outlet

Cold Hot Cold Hot Cold Hot

14.51 30.50 16.09 30.08 16.48 30.35

15.05 30.59 16.58 30.18 16.96 30.49

15.50 30.63 16.99 30.23 17.44 30.49

16.03 30.66 17.47 30.28 17.91 30.54

16.56 30.65 17.95 30.29 18.40 30.57

17.06 30.63 18.39 30.31 18.87 30.58

Table 7  Experimental parameters

Flow Vascular sheath

Cold Hot Length Diameter Material

130 mL 500 mL 200 mm 2.5 mm PU

Table 8  Inlet and outlet temperatures (°C)

Inlet Theoretical outlet Experimental 
outlet

Cold Hot Cold Hot Cold Hot

14.46 29.68 15.30 29.46 15.48 28.60

15.01 29.71 15.82 29.50 16.01 28.68

15.60 29.71 16.38 29.50 16.55 28.73

16.02 29.73 16.78 29.53 16.98 28.76

16.43 29.73 17.17 29.54 17.37 28.76

17.11 29.73 17.81 29.55 18.04 28.80

Figure 7  Comparison of output temperature trend curves 
influenced by input flow and temperature during countercurrent

Figure 8  Comparison of output temperature trend curves 
influenced by input flow and temperature during downstream
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and 8. In the prediction of the outlet temperature of the 
hot fluid, the relative error is less than 0.6%. In the predic-
tion of the downstream temperature of the downstream 
liquid, the relative error falls within 11.7%. In the predic-
tion of the countercurrent hot liquid outlet temperature, 
the relative error falls at 0.43%. Within the prediction of 
the countercurrent cold liquid outlet temperature, the 
relative error falls within 7%.

From the result of the error, the relevant parameters of 
the vascular sheath are changed, and the theoretical value 
of the experiment and the model is less wrong. The error 
may be caused by the measurement error of the tempera-
ture sensor and the thermal conductivity of the vascular 
sheath material, and the error is changed when the flow 
rate of the cold liquid is changed. It is probably that there 
is an error in the measurement of the flow rate due to the 
pulse pump flow of the pulse pump. In general, the theo-
retical and experimental values have been changing, and 
the error is within an acceptable range.

5 � Analysis of Influencing Factors
The physical parameters of blood were brought into 
the established mathematical model, and the influence 
of each parameter variable on blood heat transfer was 
analyzed.

It is obvious in Figures 9, 10, 11, 12, 13 that the outlet 
temperature changes linearly under the material temper-
ature, length, diameter and cold liquid inlet temperature 
variable. However, the outlet temperature changes expo-
nentially under the coolant inlet flow variable.

It can be seen from Figures 9, 10, 11 that in the initial 
stage of cooling, when the thermal conductivity of the 
material of the vascular sheath is decreased by 0.1 W/
(m·K), the hot blood outlet temperature is reduced by 
0.25 °C. When the length of the vascular sheath is short-
ened from 800 mm to 200 mm, the hot blood outlet 

temperature is lowered by 0.5 °C. After the thermal con-
ductivity increases, the temperature drop is slowed down. 
The thermal conductivity of the material is an important 
factor affecting the heat transfer in the first stage.

After the end of the first stage of heat exchange, the 
cooling temperature of the hot blood is not obvious, 
and the cooled blood will have a little temperature rise, 

Figure 9  Output temperature trend curves influenced by vascular 
sheath length during countercurrent

Figure 10  Output temperature trend curves influenced by vascular 
sheath diameter during countercurrent

Figure 11  Output temperature trend curves influenced by vascular 
sheath material

Figure 12  Output temperature trend curves influenced by input 
flow and temperature during countercurrent
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indicating that the mixed heat transfer is the main way of 
blood cooling in the whole heat exchange process.

In the second stage of heat exchange process, the mate-
rial and diameter of the vascular sheath have no effect on 
the heat transfer result. For every 1  °C decrease in cold 
blood, the mixed blood temperature is lowered by 0.3 °C. 
For every 10 mL of cold blood, the mixed blood tempera-
ture is lowered by 0.4 °C.

6 � Conclusions
In this study, to set a foundation for the follow-up work 
on local fixed-point hypothermia control technology, 
a mathematical model of the blood heat transfer was 
proposed, and its static characteristics are analyzed by 
researching the key parameters of great influence. The 
conclusions can be drawn as follows:

1)	 The simulation results are consistent well with the 
experimental results, and the mathematical model in 
the preceding texts is verified to be highly effective.

2)	 Through the blood heat transfer simulation experi-
ment, the results of the live simulation experiment 
can be obtained. The results of simulation experi-
ments show that 14.52 °C refrigeration can reduce 
the original temperature of 33.42 °C to 32.02 °C, and 
the temperature of refrigerated blood rises to 18.64 
°C, and the average error is about 0.3 °C. This can be 
used as a basic reference for the design and optimiza-
tion of blood cooling devices.

3)	 Vascular sheath thermal conductivity is a key param-
eter in one-stage heat transfer. Higher thermal con-
ductivity materials improve the efficiency of heat 
exchange.

4)	 Cold blood flow and temperature affect the final heat 
transfer effect. For every 10 mL increase in flow rate, 
the temperature will decrease by 0.4 °C, and for every 
one degree Celsius cold blood temperature decrease, 
the temperature of the mixed blood will decrease by 

0.3 °C. Therefore, in practical applications, a suitable 
range of blood temperature and flow should be found 
to achieve the effect of blood cooling.
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