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Abstract. A movable test system for thermal performance of domestic solar water heating system is 
proposed to solve the problem that fixed test system has low utilization efficiency of climatic 
resources. The test system consists of a bus body, closed pipeline system, measurement and control 
system for temperature and flow, mobile electric cabinet, etc.. The temperature and flow in thermal 
performance test can be controlled respectively in -0.2 ℃～+0.2 ℃ . The mathematic model of 
daily useful energy of the test system has been established. By analyzing measurement uncertainty 
components of daily useful energy, its relative expanded uncertainty is 3.2%. The movable system 
can make full use of climate resources of different geographical areas and improve test efficiency. 

Introduction  

At present thermal performance test for domestic solar water heating systems and solar 
collectors at home and abroad is conducted by using fixed test system. But when the weather is 
cloudy or high winds，test conditions such as solar irradiance, environment temperature and wind 
speed may not meet the test requirements specified in GB/T18708-2002. In this case, thermal 
performance test will not be conducted [1]. As a result, testing capacity for domestic solar water 
heating systems and solar collectors can't meet the demand of our country. There is a urgent need to 
develop a kind of movable thermal performance test system for domestic solar water heating 
systems and solar collectors in order to make full use of the climate conditions in different 
geographical areas, increase test days and improve the test capacity. A movable thermal 
performance test system for domestic solar water heating systems and solar collectors proposed in 
this paper is a vehicular test system and its test system is installed in a medium bus. 17 seats of the 
bus have been removed. Therefore, it can conduct thermal performance test in any place which 
meets climate conditions specified in GB/T18708-2002. Limited by paper length, this paper mainly 
discusses the thermal performance test system for domestic solar water heating system.  

Working Principles of the Test System 

The movable test system for thermal performance consists of four parts: bus body, closed 
pipeline system, measurement and control system for temperature and flow, mobile electric cabinet. 
The measurement and control system for temperature and flow, closed pipeline system are 
integrated in the bus. The bus is separated into three parts: driving, preparation and equipment 
rooms. 

The principle of the closed cycle pipe system of the test system is shown in Fig.1. It can be 
divided into two parts by a plate heat exchanger [2]. One which is used to control initial temperature 
control in the test of daily useful energy consists of the plate heat exchanger and water chiller, 
heater, pump, expansion tank, etc. in the bus. The other includes heater, pump and plate heat 
exchanger and is used to control initial and final temperature. To2, Ti2 and Ts2 are respectively water 
temperature of the outlet of the storage tank, plate heat exchanger inlet and inner of the storage tank. 
Because the plate exchanger outlet and storage tank inlet is separated only a three-way valve, Ti2 
can be considered as the inlet water temperature of storage tank. Temperature To2, Ti2 and Ts2 are 
measured by Pt resistance temperature sensor. All pipes are wrapped by heat preservation material 
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Tab.1 results of comparison test 

Test 
items 

calibrated fixed test system movable test system 

daily 
useful 
energy 

te=48.81℃     q=8.23 [MJ/m2]
(initial temperature: 19.53 [℃]； 

environment temperature: 29.79 [℃]； 
solar irradiation: 18.52 [MJ/m2]) 

te=47.39 ℃       q=8.27 [MJ/m2] 

(initial temperature:19.94 [℃]； 
environment temperature: 29.70 [℃]； 

solar irradiation: 18.51 [MJ/m2) ] 
average 
heat loss 

factor 

USL=11.9 [W/(m3·K) 
(environment temperature:24.79 [℃]； 

wind speed:2.2 [m/s]) 

USL=12.3 [W/(m3·K) ] 
(environment temperature:24.54 [℃]； 

wind speed: 2.5 [m/s]) 

Uncertainty analysis of the test system 

Main factors affecting on uncertainty of the test system include solar irradiation, environment 
temperature, working medium temperature and aperture area, etc..  Due to paper space limitations, 
measurement uncertainty of daily useful energy is only analyzed in the paper. Test object used in 
uncertainty analysis is mentioned above. Storage tank capacity m =110.50 kg，contour aperture area 
Ac =1.928 m2. Test parameters by measurement are as follows. 

a）Water temperature in storage tank at the start and the end of collecting hot test are 
respectively 19.96 ℃ and 57.76 ℃. 

b）Daily solar irradiation H is 19.045 MJ/m2.  
Calculation for uncertainty of daily useful energy. The mathematic model of daily useful 

energy of the test system is established as Eq.1. 
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e

c

bepw
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17)(Q


                                                （1） 

Where Cpw is specific heat capacity of water. te and tb are respectively water temperature in 
storage tank at the start and the end of collecting hot test.  

By the formula (1), combined standard uncertainty of daily useful energy Qs expressed by relative 
uncertainty can be determined as follows. 

                      )(22222 HuAutumuQu csc 
                           

 （2） 

Where Δt=te-tb.  mu ,  tu  ,  cAu ,  Hu  are respectively standard uncertainty of m,Δt, Ac and H. 

Their assessment methods are shown in Tab.2.  

Tab. 2 summary table of uncertainty 

standard uncertainty 
components 

uncertainty sources assessment methods 

mu  storage tank capacity class A；class  B 

cAu  contour aperture area class A；class  B 

tu  temperature rise in storage tank class  B 

Hu  solar irradiance class  B 

The measurement standard uncertainty of storage tank capacity. Storage tank capacity m can 
be obtained by 6 times weighing.   

654321 mmmmmmm                     
         

（3） 
Their transform coefficients are calculated according to Eq.4. 

1)(/)(  im mmc     i=1，2，…，6                  （4） 

Through 10 times repeated measurement results (data is omitted in the paper), standard 
uncertainty of m can be estimated according to Eq.5. u(m)=0.25 kg. 

     )1/(2 nXXXu ii

                           
（5）   
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According to the verification certificate of electronic balance, the maximum error of indication at 
（5-20）kg position is ±0.01 kg. Therefore,  

0058.03/01.0)( imu
   

kg 

According to transform coefficient computed in Eq.4, measurement uncertainty components of 
storage tank capacity m are shown in Tab.3. 

Tab. 3 measurement uncertainty components of m 

input 
quantity 

estimated 
value 
[kg] 

standard 
uncertainty

[kg] 

distribution
type 

transform 
coefficent

uncertainty 
components 

[kg] 
m 110.50 0.25 normal 1.000 0.25 
m1 19.23  0.0058 rectangular 1.000 0.0058 
m2 19.20  0.0058 rectangular 1.000 0.0058 
m3 19.18 0.0058 rectangular 1.000 0.0058 
m4 19.14  0.0058 rectangular 1.000 0.0058 
m5 19.19 0.0058 rectangular 1.000 0.0058 
m6 14.56  0.0058 rectangular 1.000 0.0058 

The standard uncertainty um of m is 

         25.02
662211

2  mucmucmucmuum 
 
kg

 
The relative standard uncertainty of m is 

                                                                             

  %23.0
m

u
mu m

rel
                                   

（6） 

The measurement standard uncertainty of contour aperture area Ac. Mathematic model of 
contour aperture area is  

WLAc 
   

                                                  （7） 

From 10 times repeated measurement results of L and W, u(Ac) is 

        0132.0cAu     m2
 

According to the verification certificate of steel tap, the maximum error of indication Δ=±0.001 

m. Therefore
[4]

  

00058.03/001.0)()(  WuLu  m 

The measurement uncertainty components of Ac are shown in Tab.4. 

Tab. 4 measurement uncertainty components of Ac 

 input 
 quantity 

estimated 
 value 

 standard 
uncertainty

distribution
  type 

  transform 
  coefficent 

   uncertainty 
  components 

Ac [m
2]  1.928  0.0132 normal 1.000 0.00132 

L [m]  1.631    0.00058 rectangular 1.000 0.00058 

W [m]  1.182    0.00058 rectangular 1.000 0.00058 

Standard uncertainty of Ac is 

      2222 m0132.0 WuLuAuu cAc
 

Relative standard uncertainty of Ac is shown in Eq.8. 

                                                                   

  %69.0/  cAcrel AuAu
c

                                   

（8）
 

 

The measurement standard uncertainty of temperature rise Δt. Transform coefficients 
related to Δt are computed as Eq.9 and Eq.10.   

1)(/)(  et ttc
e

                          （9） 

                                                                      1)(/)(  bt ttc
b

                                       

（10）   

Measurement uncertainty of te and tb comes from measurement error of PT100. According to 
technical specification of PT100, their expanded uncertainty are ±0.09℃，k=2. Therefore 
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℃045.02/09.0)()( 
eb

tutu  

According to transform coefficient, measurement uncertainty components of temperature rise Δt 
are shown in Tab.5. 

Tab. 5 measurement uncertainty components of temperature rise Δt 

 input 
 quantity 

estimated 
 value 

 standard 
uncertainty

distribution
   type 

  transform 
  coefficent 

   uncertainty 
  components 

te  57.76℃  0.045℃  rectangular 1.000  0.045℃ 

tb  19.96℃  0.045℃  rectangular ‐1.000  0.045℃ 

 
Standard uncertainty of Δt is as follows. 

    ℃064.02222  btett tuctucu
be

 

Relative standard uncertainty of Δt is shown in Eq.11. 

                                                         
  %17.0

8.37

064.0



 

t

u
tu t

rel
                  

（11）
 
 

The measurement standard uncertainty of solar irradiance H. The measurement uncertainty 
of solar irradiance H mainly comes from uncertainty of total radiation meter. The uncertainty of 
total radiation meter can be estimated according to nonlinear error and temperature sensitivity [5]. 
The other method is to ignore the nonlinear error of total radiation meter and measurement values of 
daily solar irradiance is taken as a uniform distribution in reading ±1.5% interval [6]. According to 
verification certificate of total radiation meter, its maximum permission error is 2.5%. For 

rectangular uniform distribution, 3k . 

  %4.13/%5.2 Hurel

                         

（12） 

Expand uncertainty of daily useful energy. The measurement standard uncertainty components 
of daily useful energy Qs are shown in Tab.6.  

According to Eq.2, the measurement standard uncertainty of daily useful energy Qs can be 
calculated as follows. 

  %59.1sc Qu
 

Suppose k=2，the expanded uncertainty of daily useful energy U(Qs)=2*1.59%≈3.2%。 

Summary 

The paper designed and realized a movable thermal performance test system for domestic solar 
water heating system based LabVIEW. This test system satisfies the requirements of 
GB/T18708-2002. It can realize many functions such as automatic judge for test conditions of test 
items and data acquisition, process. The relative expanded measurement uncertainty of daily useful 
energy is 3.2%. 

Tab. 6 measurement uncertainty components of daily useful energy Qs 

quantity 
estimated 
 value 

 standard 
uncertainty 

distribution
   type 

  transform 
  coefficent 

   uncertainty 
  components 

m 110.50  0.25[kg] 0.23% 1.00 0.23% 

Ac 1.928  0.0132[m2] 0.69% 1.00 0.69% 

△t 37.80  0.064[℃]  0.17%  1.00  0.17% 

H 19.045  ——  1.4%  1.00  1.4% 
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