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ABSTRACT 
In order to reveal the difference of collector 

performance between horizontal and vertical all glass 
vacuum tube water heaters, the parameters of effective 
heat collecting area, total solar radiation received by two 
water heaters under four typical days of the year (spring 
equinox, summer solstice, autumn equinox and winter 
solstice) are calculated theoretically.The actual heat 
collecting performance of the two water heaters is 
experimentally studied, and the reliability and accuracy 
of the theoretical analysis are verified. Finally, using 
FLUENT simulation software to simulate the heat 
collecting process of two kinds of water heaters. The 
reason for the difference of collector performance 
between the two water heaters is explained from the 
aspect of flow and heat transfer inside the water 
heater.The results show that only in summer, the 
collector performance of horizontal tube water heater 
has advantages. In spring, autumn and winter, the heat 
collection performance of vertical drain water heater is 
better. 

 
Keywords: Solar water heater; collector performance; 
Instantaneous heat collection; Internal convective heat 
transfer  

NONMENCLATURE 

  
the angle between incident light and 
collector plane 

Ae the effective collector area  

A collector surface area 

n year  

AB  
the normal vector of the collector's 
open surface 

m  the angle of incident light 

Qe
 

the effective heat collection 

mW  
the mass of the working water in the 
water heater

 

cp 
the specific heat capacity of working 
water

 

ΔT  
the change of water temperature in 
the hot water tank during the heat 
collecting time

 

Ac  
the heat collecting area of the water 
heater

 

I solar radiation
 

Δt the duration of the heat collection 

1. INTRODUCTION 
All glass vacuum tube water heater has great 

application potential in the field of low temperature 
heating. Horizontal and vertical tube water heaters are 
two important types of all glass vacuum tube water 
heaters. Because of the different installation structures 
of vacuum tubes, there are some differences in their heat 
collection performance[1-3].At present, there are many 
studies on all-glass vacuum tube water heater. The 
collector performance of vacuum tube solar water 
heater is mainly affected by coating, structure 
parameters of vacuum tube, physical properties of heat 
transfer fluid and structure parameters of water heater[4-

6]. 

In order to improve the collector performance of 
water heaters, scholars at home and abroad have done a 
lot of related research around these factors.Solar 
selective absorption coating is the most important part 
of solar energy photothermal conversion, which 
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determines the collector heat collection performance. 
Selective endothermic coatings with high absorptivity 
and low emissivity can effectively improve the collector's 
heat collecting capacity [7].How to realize the solar 
selective absorption coating with high solar radiation 
absorptivity and low infrared radiation emissivity is the 
core issue of solar thermal utilization research [8,9].The 
results show that the absorptivity of solar selective 
absorbing coatings is generally above 0.95 and the 
emissivity is below 0.05[10].Vacuum tube is the core 
component of vacuum tube water heater, which has an 
important impact on the collector performance of the 
water heater.Yin Zhiqiang[11,12] put forward the 
relationship between thermal performance parameters 
of all glass vacuum tubes and vacuum tube structure, 
coating parameters, ambient temperature and radiation 
intensity.Badar[13] measured the heat loss of the vacuum 
interlayer by experimental method. The results show 
that the heat loss of the vacuum tube is much larger than 
the expected value.Tang[14] made the average heat loss 
coefficient experiment of vacuum tube according to the 
test standard[15]. The results show that the more 
accurate test results can be obtained only when the 
ambient temperature changes little.Wu Jiaqing[16] put 
forward the best vacuum degree of vacuum tube, and 
gave the method of calculating the service life of vacuum 
tube.Traditional fluids such as water and air have low 
heat transfer intensity because of their low thermal 
conductivity. Searching for new working fluid plays an 
important role in improving heat transfer intensity of 
water heater.Xu Jifu[17] found that the heat transfer 
efficiency of heat conducting oil is much better than that 
of water by studying the heat collection effect of 
different working fluids. Compared with traditional heat 
transfer media, nano-flow has better stability and 
thermal conductivity[18-22].The thermal conductivity of 
nanofluids depends mainly on the shape, size and 
thermal properties of solid particles[23,24].Mao Lingbo[25] 
found that when the carbon-coated copper 
nanoparticles with a mass fraction of 0.05% were used as 
the circulating working fluid of the water heater, the heat 
collection efficiency was obviously improved.The heat 
transfer performance of the water heater can be 
effectively optimized by changing the structure of the 
collector.Jahangiri[26] studied the optimal collector area 
for different hot water demand, and found that the total 
thermal gain coefficient of the collector has a significant 
impact on the performance of the collector.Sivakuma[27] 
carried out an experimental study on forced convection 
solar air heater with pin-fin heat absorber.The results 

show that the energy efficiency of the forced convection 
solar air heater with pin-fin heat absorber is 3%-12% 
higher than that of the flat heat absorber, and the 
collector performance has been significantly 
improved.Heydari et al.[28] studied the influence of spiral 
grooves on the performance of solar water heaters from 
both experimental and numerical aspects. The results 
show that the average thermal efficiency of spiral groove 
dual-channel solar air heater is 14.7% higher than that of 
single-channel solar air heater and 8.6% higher than that 
of dual-channel fin solar air heater with the same mass 
flow rate. 

However, there is no comparative study on the 
difference of all-day heat collection performance 
between horizontal and vertical drainage glass vacuum 
tube water heaters under forced circulation.There is 
always a controversy about which water heater has 
better heat collection performance.Therefore, it is 
necessary to conduct a comprehensive and in-depth 
study on the collector performance of the two water 
heaters. 

2. TEST METHOD AND CALCULATION BASIS 

2.1 Test method 

According to the national standard[29], the horizontal 
and vertical all-glass vacuum collector solar hot water 
system was constructed in Lanzhou City (north latitude 
36 03', east longitude 103 40'). As shown in Figure 1, the 
thickened line part represents the forced circulation 
pipeline.Both water heaters consist of 30 all glass 
vacuum tubes.The specification of all glass vacuum tubes 
is Φ58×1800 mm.The water heater is positioned to the 
south, and the angle between the collector plane and the 
horizontal plane is 45 degrees.  

Water pump

Flow meter

Ball

valve

Hot water storage tank

Water storage tank

Flow meter

Water pump

Ball valve Ball

valve

Ball

valve

Hot water storage tank

Fig.1 All-glass evacuated tubular solar water heating system 
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The parameters of the measuring equipment are 
detailed in Table 1. 

Table 1 Experimental Instruments 

Device name Specifications Vendor 

Hot film wind 

speed sensor 

Model：YGC-RMFS，

Range：0～5 m，

Precision：±0.2% FS 

Guangzhou Xizheng 

Automation 

Technology Co., Ltd. 

Solar 

radiation 

tester 

Model：TBS-2-2，

Range:0.3～3 μm，

Precision：2%，

Sensitivity：7～14 

μV/W·m2 

Jinzhou Huayi IOT 

Measurement and 

Control Technology 

Co., Ltd. 

Flow meter 

Model：LWGY-32A, 

Output：1-5 V，

Range：0-5 m3/h，

Precision：0.5% 

Shanghai Fan Yang 

Electrical Co., Ltd. 

Temperature 

Sensor 

Model：Pt100 

Range：-50～150 ℃，

Precision：0.1 ℃ 

Beijing West Air 

China Technology 

Co., Ltd. 

Data 

acquisition 

instrument 

Model：

Agilent3493A，

Scanning frequency：

250 channel/s 

Shenzhen 

Hongxinyu 

Instrument Co., Ltd. 

Before the start of the test, the water in the water 
heater is first emptied, and then 320 L of water at the 
same temperature is added.Open the circulating pump 
before the test begins. Regulate the valve and adjust the 
flow rate to 800 L/h. The circulating pump runs 
continuously until the end of the test.In addition, the 
surface of the vacuum tube is wiped clean to avoid the 
influence of surface dust on the test results.The test data 
were collected by Agilent 34970A data acquisition 
instrument. The acquisition interval was 2 seconds. The 
measurement parameters include the temperature of 
hot water storage tank, ambient temperature, solar 
radiation, wind speed, water flow of circulating pipeline, 
etc. The test time ranged from 06:00 to 20:00. 

2.2 Calculation basis 

According to the literature[30], the solar altitude angle 
and azimuth angle can be calculated.According to the 

altitude and azimuth of solar radiation, the angle 
between incident light and collector plane can be further 
calculated by using space vector knowledge. The effective 
collector area Ae can be calculated from the angle and 
collector surface area A.The instantaneous solar radiation 

received by the water heater tQ can be calculated from the 

effective collector area Ae and the corresponding solar 
radiation I.The calculation formula is as follows. 

=  sin
AB m

arc
AB m


           (2.1) 

coseA A =               (2.2) 

I eQ I A=                (2.3) 

The effective heat collection 
eQ is the actual heat 

collection of the hot water tank, which can be calculated by 

formula (1): 

e w pQ = m c T         (2.4)
 

The average effective heat collection efficiency   is 

the ratio of the effective heat collection amount to the total 

solar radiation amount during the heat collection time, 

which can be calculated by the formula (2): 

we

c c

100%
pm c TQ

= =
A I t A I t





 

     (2.5)

 

3. RESULTS AND ANALYSIS 

3.1 Theoretical calculation and analysis 

The calculation results of the effective collector area are 
shown in the figure3.1, 3.2, 3.3 and 3.4.Comparing with figs. 
3.1, 3.2, 3.3 and 3.4, it can be found that the effective heat 
collecting area of horizontal tube water heater is significantly 
higher than that of vertical tube water heater in most 
collecting time around the summer solstice.However, in the 
spring equinox, autumn equinox and winter solstice, the 
effective heat collecting area of the horizontal pipe water 
heater is larger than that of the vertical pipe water heater only 
at about 13:10 noon. In other collecting time, the effective 
heat collecting area of the vertical pipe water heater is 
obviously larger than that of the horizontal pipe water heater. 
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Fig.3.1 Effective heat collecting area of water heater at 

vernal equinox 
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June 21 (Summer Solstice)  
Fig.3.2 Effective heat collecting area of water heater at 

summer solstice 
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Fig.3.3 Effective heat collecting area of water heater at 
autumn equinox 
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December 22 (Winter Solstice)

Fig.3.4 Effective heat collecting area of water heater at 
winter solstice 

 

In addition, for vertical pipe water heaters, the shelter 
time between tubes is up to 8 hours in summer solstice, 3 
hours in winter solstice, and 5 hours in spring and autumn 
equinoxes.For horizontal pipe water heaters, there is no 
shielding between tubes. 

The total solar radiation received in four typical days is 
shown in Figure 3.5. As can be seen from Fig. 3.5, the 
highest total solar radiation receiving time for horizontal 
water heaters is the summer solstice, which is 61.8 MJ.The 
minimum time to receive total solar radiation is the winter 
solstice, which is only 48.8 MJ.For vertical drain water 
heaters, the highest total solar radiation received during 
the whole day is the vernal equinox, which is 70.1 MJ.The 
autumn equinox was slightly lower than the spring equinox 
(65.5 MJ), followed by the summer solstice (57.1 MJ).The 
lowest is the winter solstice, which is only 53.8 MJ. it can be 
seen that the total solar radiation received by the horizontal 
tube water heater is higher than that of the vertical tube 
water heater only at the summer solstice, and the total 
solar radiation received by the vertical tube water heater 
during the spring equinox, autumn equinox and winter 
solstice is significantly higher than that of the horizontal 
tube water heater. 

57.6
61.8

54.1
48.8

70.1

57.1

65.5

53.8

3/21 6/22 9/21 12/21
0

10

20

30

40

50

60

70

80

90

100

 

To
ta

l s
o

la
r 

ra
d

ia
ti

o
n

 r
ec

ei
ve

d
 /

M
J

 Horizontal tube

 Vertical tube

Fig.3.5 The total solar radiation received in four typical 
days  

3.2 Experimental results and analysis 

The experimental data for the whole year are shown in 
table 3.1, 3.2, 3.3 and 3.4. Comparing with tables table 3.1, 
3.2, 3.3 and 3.4, it can be seen that the average effective 
heat collection efficiency of horizontal tube water heater is 
higher than that of vertical tube water heater only in the 
period around the summer solstice in June.In the period of 
spring equinox, autumn equinox and winter solstice, the 
effective heat collection efficiency and average effective 
heat collection efficiency of vertical pipe water heater are 
higher than that of horizontal pipe water heater.The 
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experimental results are consistent with the theoretical 
results, which shows that the theoretical calculation is 
accurate and reliable. 

Table 3.1 Result of experimental data in March 

Experimental 
Time 

Structure 
Effective Heat 
Collection/MJ 

Average Effective 
Heat Collection 

Efficiency 

March 21 
Horizontal 33.3 58.8% 

Vertical 35.5 62.7% 

March 22 
Horizontal 27.2 59.3% 

Vertical 28.1 61.2% 

March 23 
Horizontal 26.9 60.8% 

Vertical 28.2 63.7% 

March 24 
Horizontal 33.5 55.9% 

Vertical 36.9 61.6% 

March 25 
Horizontal 28.3 57.8% 

Vertical 31.2 63.8% 
 

Table 3.2 Result of experimental data in June 

Experimental 
Time 

Structure 
Effective Heat 
Collection/MJ 

Average Effective 
Heat Collection 

Efficiency 

June 21 
Horizontal 39.4 71.3% 

Vertical 34.2 61.9% 

June 22 
Horizontal 31.5 65.0% 

Vertical 28.8 59.4% 

June 23 
Horizontal 35.6 72.8% 

Vertical 30.8 62.9% 

June 24 
Horizontal 31.8 70.7% 

Vertical 28.7 63.8% 

June 25 
Horizontal 38.3 71.2% 

Vertical 33.5 62.2% 
 

Table 3.3 Result of experimental data in September 

Experimental 
Time 

Structure 
Effective Heat 
Collection/MJ 

Average Effective 
Heat Collection 

Efficiency 

September 21 
Horizontal 29.5 60.9% 

Vertical 32.2 66.4% 

September 22 
Horizontal 30.8 63.9% 

Vertical 32.5 67.4% 

September 23 
Horizontal 29.7 62.5% 

Vertical 31.6 66.5% 

September 24 
Horizontal 31.3 61.9% 

Vertical 32.8 64.9% 

September 25 
Horizontal 31.2 63.8% 

Vertical 32.9 67.2% 

Table 3.4 Results of experimental data for December 

Experimental 
Time 

Structure 
Effective Heat 
Collection/MJ 

Average Effective 
Heat Collection 

Efficiency 

December 20 
Horizontal 18.4 30.9% 

Vertical 20.1 33.8% 

December 21 
Horizontal 17.8 30.4% 

Vertical 20.2 34.5% 

December 22 
Horizontal 18.7 31.1% 

Vertical 21.0 34.8% 

December 23 
Horizontal 19.6 31.6% 

Vertical 22.3 35.9% 

December 24 
Horizontal 18.9 31.7% 

Vertical 21.3 35.6% 

3.3 Simulation results and analysis· 

The whole-day heat collection process of water heater 

was simulated by FLUENT simulation software. Two time 

points (8:00 and 13:00) were selected to analyze the flow 

inside the vacuum tube. At 8:00, the solar radiation 

intensity is 448.1 W/m2, and at 13:00, the solar radiation 

intensity is 987.2 W/m2. 

For the convenience of analysis, the vacuum tube is 

divided into four parts: front part, In the middle and front 

part, mid-posterior part and tail part, as shown in Figure 3.6. 

Tail part Mid-posterior
part

Middle and
anterior
part

Front
part

 

 

Tail part

Mid-posterior part

Middle and anterior part

Front part

 

Fig.3.6 Schematic diagram of vacuum tube location 

At 8:00, the solar radiation is 448.1 W/m2. The internal 
fluid motion vectors of the front part, In the middle and 
front part, mid-posterior part and tail part of the horizontal 
tube are shown in Fig. 3.7, 3.8, 3.9 and 3.10, 
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respectively.The unit of fluid flow velocity is m/s. 

 
Fig.3.7 Vector diagram of fluid motion at front part of 

horizontal pipe at 8:00  

 
Fig.3.8 Vector diagram of fluid

 
at the middle and front par 

of horizontal pipe at 8:00
 

 
Fig.3.9 Fluid motion vector diagram at mid-posterior part 

of horizontal pipe at 8:00 

 
Fig.3.10 Vector diagram of fluid motion at thetail part of 

horizontal pipe at 8:00 

From figs.3.7, 3.8, 3.9 and 3.10, it can be seen that 
when the solar radiation is 448.1 W/m2, there are some 
stratification phenomena in the front part and the middle 
and front part of the transverse row vacuum tube. The 
upper layer of hot fluid flows out of the tube and the lower 
layer of cold fluid flows into the tube, but the flow speed is 
relatively slow. The stratification of the fluid in the middle 
and rear parts of the vacuum tube is not obvious, and the 
flow velocity of the fluid slows down obviously. There is no 
stratification at the tail end, and the fluid is basically not 
flowing. 

At 13:00, the solar radiation is 987.2 W/m2. The 
internal fluid motion vectors of the front part, In the middle 
and front part, mid-posterior part and tail part of the 

horizontal tube are shown in figs. 3.11, 3.12, 3.13 and 3.14, 
respectively. 

 
Fig.3.11 Vector diagram of fluid motion at front part of 

horizontal pipe at 13:00
 

 
Fig.3.12 Vector diagram of fluid

 
at the middle and front 

part of horizontal pipe at 13:00
 

 
Fig.3.13 Fluid motion vector diagram at mid-posterior part  

of horizontal pipeat 13:00
 

 
Fig.3.14 Vector diagram of fluid motion at thetail part  of 

horizontal pipeat 13:00 

From figs. 3.11, 3.12, 3.13, and 3.14, it can be seen that 
when the solar radiation is 987.2 W/m2, the stratification of 
fluid infront part, In the middle and front part and mid-
posterior partof the transverse vacuum tube is very good, 
the fluid flow speed is faster, and it can effectively exchange 
heat with the outside. Only in the tail part, there are 
vortices, the fluid flow is slow, and the exchange speed of 
heat with the outside is slow. Compared with the solar 
radiation of 448.1 W/m2, the flow state of the inner fluid in 
the transverse row tube has been significantly improved, 
and the inner fluid can effectively exchange cold and hot 
fluids with the outer fluid. 

At 8:00, the solar radiation is 448.1 W/m2. The internal 
fluid motion vectors of the front part, In the middle and 
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front part, mid-posterior part and tail part of  the vertical 
tube are shown in Fig. 3.15, 3.16, 3.17 and 3.18, 
respectively.The unit of fluid flow velocity is m/s. 

 
Fig.3.15 Vector diagram of fluid motion at front part of 

vertical pipe at 8:00  

 
Fig.3.16 Vector diagram of fluid

 
at the middle and front 

par ofvertical pipe at 8:00
 

 
Fig.3.17 Fluid motion vector diagram at mid-posterior part 

of vertical pipe at 8:00 
 

From figs. 3.15, 3.16, 3.17 and 3.18, it can be seen that 
when the solar radiation is 448.1 W/m2, the stratification of 
the fluid in the front part, In the middle and front part and 
mid-posterior part of the vertical vacuum tube is better, the 
flow and heat transfer of the cold and hot fluids are good, 
and the flow velocity of the fluid in the tail part is slowed 
down, but there are stratification phenomena, and the fluid 
has a certain flow velocity. 

 

 
Fig.3.18 Vector diagram of fluid motion at thetail part of 

vertical pipe at 8:00 

At 13:00, the solar radiation is 987.2 W/m2. The 
internal fluid motion vectors of the front part, In the middle 
and front part, mid-posterior part and tail part of the 
vertical tube are shown in figs. 3.19, 3.20, 3.21 and 3.22, 
respectively. 

 
Fig.3.19 Vector diagram of fluid motion at front part of 

vertical pipe at 13:00  

 
Fig.3.20 Vector diagram of fluid

 
at the middle and front 

par of vertical pipe at 13:00
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Fig.3.21 Fluid motion vector diagram at mid-posterior part 

of vertical pipe at 13:00 

 
Fig.3.22 Vector diagram of fluid motion at thetail part of 

vertical pipe at 13:00 

It can be seen from figs. 3.19, 3.20, 3.21 and 3.22, 
when the solar radiation is 987.2 W/m2, stratification 
occurs at the front, front, rear and tail of the vertical 
vacuum tube, but there are many small vortices at the front 
part and the middle and front part of the vacuum tube.The 
appearance of vortices makes some of the upper hot fluids 
return to the vacuum tube with the cold fluids before they 
flow out of the vacuum tube. At the same time, some of the 
cold fluids flow out with the hot fluids before they enter the 
lower part of the vacuum tube, resulting in poor heat 
exchange between the vacuum tube and the outside. 
Compared with the solar radiation of 448.1 W/m2, the fluid 
flow velocity inside the vacuum tube has been improved, 
but the swirl phenomenon restrains the exchange speed 
between the vacuum tube and the external heat. 

4. CONCLUSIONS 
(1) In terms of effective heat-collecting area, at the 

summer solstice, the effective heat-collecting area of 
horizontal tube water heater is significantly higher than 
that of vertical tube water heater during most of the day's 
heat-collecting time.In the spring equinox, autumn equinox 
and winter solstice, the effective heat collecting area of the 
horizontal tube water heater is larger than that of the 
vertical tube water heater only in a short period around 
13:10 noon. In most other collecting time, the effective heat 

collecting area of the vertical tube water heater is obviously 
larger than that of the horizontal tube water heater. 

(2) In terms of the total solar radiation received by 
water heaters throughout the day, only in the summer 
solstice, the total solar radiation received by horizontal 
tube water heaters is higher than that of vertical tube water 
heaters. In the spring equinox, autumn equinox and winter 
solstice, the total solar radiation received by vertical tube 
water heaters throughout the day is significantly higher 
than that of horizontal pipe water heaters. 

(3) When the solar radiation is low, there is no good 
stratification of fluid motion in the transverse vacuum tube, 
and the heat transfer with the external water tank is slow. 
A good fluid moving layer has been formed inside the 
vertical vacuum tube, which can exchange heat efficiently 
with the external water tank. The collector performance of 
vertical water heater is better than that of horizontal water 
heater. 

(4) When the solar radiation is strong, the velocity of 
fluid movement in the vacuum tube of the transverse water 
heater is accelerated, forming a good motion stratification 
without obvious vortices, which can effectively exchange 
heat with the external water tank.The velocity of fluid 
movement in the vacuum tube of vertical water heater 
increases obviously, but there are many vortices. The 
appearance of vortices destroys the fluid moving layer and 
hinders the heat exchange between the vacuum tube and 
the external water tank, which results in the lower collector 
performance of the vertical water heater than that of the 
horizontal water heater. 
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