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A B S T R A C T   

A novel flow-controlled (FC) thermal response test (TRT) system is introduced to resolve the recently addressed 
inconsistency between the constant heat flux (CHF) and constant temperature (CT) TRTs. FC-TRT allows us to 
keep both inlet and outlet temperatures constant and improve the accuracy of CT-TRT. Using the FC-TRT system, 
four types of TRT experiments are performed, providing CT, CHF, and constant inlet temperature conditions, 
besides the novel one keeping both temperature and heat flux constant. Thermal conductivities from these TRT 
measurements are compared, and a good agreement is observed. FC-TRT offers higher accuracy and various TRT 
applications in one platform.   

1. Introduction 

The recent energy crisis and the carbon neutral targets of the in
dustry and governments have renewed interest in alternative energy 
sources such as wind, solar, geothermal, etc. In the last decade, natural 
gas-based systems have been widely used, especially in the European 
Union (EU), because of the low cost and easiness of building these sys
tems (EU, 2021). However, the natural gas for these systems is supplied 
from non-EU countries, and the gas prices have increased a few times 
than in previous years (EU, 2021). Therefore, alternative heating and 
cooling systems are urgently needed for buildings. Ground source, or 
geothermal, heat pump systems are excellent alternatives to replace 
fossil-based systems (Welsch et al., 2018). Ground source heat pump 
(GSHP) systems extract the necessary heat energy from underground by 
the drilled boreholes called ground heat exchangers (GHE). They offer 
low operating costs and can also be used to store thermal energy to 
improve energy efficiency and further decrease operational costs (Guo 
et al., 2020). As the number of drilled boreholes increases, the drilling 
cost per borehole decreases and becomes more affordable for end-users. 
These systems are already a question of research for a long time. Some 
systems are monitored continuously, and it is possible to see the 
long-term efficiency of these systems. Specific annexes of the IEA have 
been exclusively dedicated to exploring this topic (Spitler and Gehlin, 

2019). 
Despite the high energy efficiency and low operational cost promises 

of GSHP systems, they can fail to reach their targeted efficiency and cost 
levels in the case of poor planning. As the heat is extracted from the 
underground, measurements of the thermal properties of the ground are 
crucial for the correct engineering design and planning. For a GSHP 
system with vertical GHE, measurements of volumetric flow rate and 
inlet and outlet temperatures of fluid circulating in a borehole allow the 
estimation of the averaged thermal properties of the ground. These 
measurements, called Thermal Response Test (TRT), can be performed 
under various conditions. The idea of TRT was first mentioned by 
Mogensen (1983) in a closer way to today’s tests. In a typical test, a 
predefined constant heat power is injected into a borehole for a period 
using a circulation pump and a heater at the surface. It is called constant 
heat flux TRT (CHF-TRT). Ingersoll et al. (1954) proposed to fit the 
measured temperature values to the predictions of the analytical solu
tions of the infinite line source (ILS) approach to determine the thermal 
properties of the ground. Similarly, the infinite cylindrical source by 
Carslaw & Jeager (1959) and the finite line source by Zeng et al. (2003) 
approaches can also be used for CHF-TRT. In the following years, after 
Mogensen, some test devices were developed and used to determine the 
thermal properties of the ground. Besides the conventional CHF-TRT, 
some other TRT methods have been developed by different 

* Corresponding author. 
E-mail address: murat.aydin@rub.de (M. Aydin).  

Contents lists available at ScienceDirect 

Geothermics 

journal homepage: www.elsevier.com/locate/geothermics 

https://doi.org/10.1016/j.geothermics.2024.103011 
Received 5 November 2023; Received in revised form 20 March 2024; Accepted 29 March 2024   

mailto:murat.aydin@rub.de
www.sciencedirect.com/science/journal/03756505
https://www.elsevier.com/locate/geothermics
https://doi.org/10.1016/j.geothermics.2024.103011
https://doi.org/10.1016/j.geothermics.2024.103011
https://doi.org/10.1016/j.geothermics.2024.103011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geothermics.2024.103011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Geothermics 120 (2024) 103011

2

researchers; constant inlet temperature TRT (CIT-TRT) by Wang et al. 
(2010) and Aydin et al. (2014), enhanced geothermal TRT by Bussmann 
et al. (2016), and low power TRT by Raymond et al. (2015). 

In these TRT methods, one of the control variables is kept constant 
while the others change throughout the experiment. In CHF-TRT, the 
heat rate is constant, while the circulated fluid temperature freely 
changes for a chosen mass flow rate (Witte, H., 2016). Beier et al. (2018) 
developed a multi-rate test in which the volumetric flow rate of the 
circulating fluid is changed intentionally, and the responses of the 
borehole heat exchanger (BHE) for different flow rates are obtained. 
Similarly, the inlet temperature is kept constant in CIT-TRT, but the heat 
transfer rate changes for a given flow rate. The outlet fluid temperature 
approaches the inlet temperature after a short while during the test, and 
by choosing the higher flow rates, the deviation of inlet and outlet fluid 
temperatures from their averaged value becomes negligible compared to 
the difference between average fluid and undisturbed ground tempera
tures. Therefore, the axial temperature is assumed to be constant and 
equal to the average fluid temperature during CIT-TRT. It is worth 
noting that the constant temperature TRTs are attractive over constant 
heat flux TRTs because of their advantages like having the suitability 
with standard heat pump tests, allowing predicting the non-stop work
ing performance of a heat pump, and providing results closer to real 
working conditions of ground source heat pumps. 

The developments of TRT methods are also driven by the progress in 
the analytical approaches. Carslaw and Jaeger (1959) used the Laplace 
transformation to obtain the analytical solution for the time-dependent 
temperature field outside a hollow cylinder for various boundary con
ditions. This approach has been used further to improve CIT-TRT (Aydin 
et al., 2019). The method was applied to CIT-TRT for various tempera
tures. Beier (2021) also applied this method to test the results of Choi 
et al. (2018). Experimental data were used to estimate the thermal 
conductivity of the ground, and some discrepancies from the conven
tional CHF-TRT results were reported. 

The constant temperature assumption allows analytical solutions 
that agree with the exact numerical solutions only after the thermal 
capacity effect of BHE itself disappears (Aydin et al., 2019), like in 
CHF-TRT. The results are sensitive to the quality of 
constant-temperature conditions. Therefore, satisfying the 
constant-temperature condition is essential in the CIT-TRT experiment. 
Heaters control the inlet temperature; however, the outlet temperature 
is free to change, although it approaches the inlet temperature after a 
while. The deviation of outlet temperature from the inlet one can also be 
controlled by flow rate. With high flow rates, inlet and outlet tempera
tures become very close even at the beginning of the experiment, and the 
axial average fluid temperature profile is flatter than the low flow rates. 
Therefore, working with low flow rates causes discrepancies in deter
mining the thermal properties. One of the solutions to keep the inlet and 
outlet temperatures constant and close to each other is to dynamically 
control the flow rates by monitoring the outlet temperature. 

In this study, a flow controller is included in a TRT system to control 
the flow rate during the tests. In such a flow-controlled TRT (FC-TRT) 
system, not only the inlet temperature but also the outlet temperature is 
kept constant by changing the flow rate accordingly. It is called constant 
temperature TRT here, CT-TRT, to distinguish it from CIT-TRT. FC-TRT 
system also allows the CHF-TRT measurements. Using this FC-TRT unit, 
thermal conductivities of the ground are estimated by CIT-TRT, CT-TRT, 
and CHF-TRT in the same borehole and compared to each other. It is 
shown that there is no significant difference between the values of the 
thermal conductivities estimated by CHF-TRT and CIT-TRT as long as 
the flow rate is chosen appropriately. Therefore, the discrepancies 
mentioned by Beier (2021) are also resolved. Furthermore, using the 
flow controller, a novel TRT is realized by keeping the inlet temperature 
and heat flux constant, CIT&CHF-TRT, and its estimation is also 
discussed. 

2. Method 

In Fig. 1, a BHE with a single U-tube is illustrated. Here, Tin and Tout 
are inlet and outlet fluid temperatures, respectively. The average fluid 
temperature is Twf = (Tin + Tout) /2, and re is the equivalent radius 
defined in the literature (Spitler and Bernier, 2016). 

For constant borehole surface temperature, the inverse of the radial 
heat transfer rate per depth of a borehole is given by the following 
function (Aydin et al., 2019): 

1
q′(t)

= β

[

ln(t)+ ln

(
4α

eγ(re)
2

)]

, (1)  

where β = 1 /[4πk(Twf − T∞)] is the slope of Eq.(1) in logarithmic time 
scale, k is the effective thermal conductivity of underground, W/(m⋅K), 
T∞ is the undisturbed underground temperature ( ◦C), t is the time (s), α 
is the thermal diffusivity (m2/s), re is the equivalent radius of pipes (m), 
and γ = 0.5772 is Euler’s constant. Once the slope, β(m/W), and con
stant temperature difference, ΔT = Twf − T∞, are known from the 
experimental data, the thermal conductivity is estimated from 

k =
1

4π βΔT
. (2) 

On the other hand, during a CIT-TRT, although Tin is kept constant, 
Tout smoothly changes and approaches Tin depending on the volumetric 
flow rate V̇f (m3/h) and the borehole’s thermal and geometric (espe
cially the depth) properties. Therefore, Twf and ΔT are not perfectly 
constant as they slightly change during the test. 

Although this is a small change, it is a deviation from the constant 
temperature assumption of Eq. (1), and such a deviation may cause some 
inaccuracies in the estimation of thermal conductivity. On the other 
hand, the radial heat transfer rate per depth is also equal to 

q′ = ρf cf V̇ f (Tin − Tout)
/

H, (3)  

where ρf (kg/m3) and cf (J/kg⋅K) are density and specific heat capacity 
of fluid, respectively, H (m) is the depth of the borehole, and V̇f is the 
volumetric flow rate. Thus, besides keeping the inlet temperature, Tin, 
constant during the experiment, it is also possible to keep the outlet 
temperature, Tout , constant by controlling the flow rate. By setting high 
flow rates for the experiment, we also force the temperature difference 
to be small. So, to increase the accuracy of CIT-TRT, we need to keep 
both Tin and Tout constant and |Tin − Tout | << |Twf − T∞|. For this pur
pose, we included a flow controller in the experimental setup. Using 
different control algorithms for the flow controller makes it possible to 
perform many different TRTs, including the novel one introduced in this 
study, under both constant temperature and constant heat flux 
conditions. 

A mobile TRT device used in this study is illustrated in Fig. 2. It 
consists of mainly a water tank, two external pipelines (for in and out
flows), a circulation pump connected to the return line, 4 × 3 kW 
electrical resistive heaters, control valves, and measuring elements 
(flowmeter, temperature sensors, etc.) and the fitting elements (valves, 
collectors, filter, purge-air, expansion vessel, etc.). 

The flow charts for two (proportional–integral–derivative) PID con
trollers are shown in Fig. 3. One PID reads Tin and controls the switches 
of electrical heaters, while the other PID reads Tout and controls the 
proportional valve to adjust the flow rate. 

The properties of the borehole and ground are given in Table 1. The 
cross-section of the borehole is seen in Fig. 1. The "shank space" refers to 
the center-to-center distance between the inlet and outlet pipes. U-pipe 
spacers were utilized to keep this shank space constant along the 
borehole. 
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3. Results 

Four different types of TRT approaches were performed in the same 

borehole. Following the recommendations of the ASHRAE (2011), suf
ficient waiting time is allowed between the tests. The thermal conduc
tivity estimations are made using experimental data of different TRTs, 

Fig. 1. Illustration of a borehole with a single U-tube.  

Fig. 2. A mobile flow-controlled TRT measurement unit. Flowchart (a), and exterior and interior views (b).  
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and the results are compared. 

3.1. CIT-TRT: Tin and V̇f are constant 

Fig. 4 shows the inlet and outlet fluid temperatures and the flow rate 
during the test. Tin and V̇f were kept constant and Tout free to change. A 
plot of 1/q′ versus ln(t) and the best straight-line fit through the exper
imental data are seen in Fig. 5. Using Eq. (2), the thermal conductivity is 
estimated as 1.94 W/(m⋅K) with the Mean Absolute Percentage Error 
(MAPE) of 2.6. The MAPE values are determined by MAPE =

(100 /N)
∑N

j=1q′ mod
j

⃒
⃒
⃒(1 /q′exp

j ) − (1 /q′ mod
j )

⃒
⃒
⃒, where the superscripts 

“exp” and “mod” represent the values from the experiment and the 
model, respectively. 

3.2. CHF-TRT: q′ and V̇f are constant 

The heat flux is kept constant equal to q′ = 63 W/m during the sec
ond test period of 47.1 h. The measured inlet and outlet temperatures 
and flow rate are given in Fig. 6. Fig. 7 shows the average circulated fluid 
temperature (Twf ) in a logarithmic time scale. The fitting process is 
demonstrated in Fig. 7 and the following equation is fitted to the data 
(Witte, H. 2016) 

Tf = βchf

[

ln(t)+ ln

(
4α

eγ(rb)
2

)]

+ q̇′Rb + T∞, (4)  

where Rb (m⋅K/W) and T∞ represent borehole thermal resistance and 
undisturbed underground temperature respectively. Eq. (4) suggests 
that the thermal conductivity of the ground can be estimated from the 
slope of the fluid temperature βchf (K) by using 

k =
q̇′

4πβchf
. (5) 

The red line in Fig. 7 represents the best fit obtained with the least- 
squares method. Obtaining the slope βchf from the best fit and using it in 
Eq. (5), thermal conductivity is calculated as 1.73 W/(m⋅K). This value is 
lower than 1.94 W/(m⋅K) estimated by CIT-TRT. This difference results 
from the fluctuations of outlet temperature during the test, although it is 
assumed to be constant in the model. As mentioned in the previous 
section, keeping the outlet temperature constant during the test is 

Fig. 3. Flowcharts of PID controllers for inlet and outlet temperatures.  

Table 1 
Properties of the borehole and ground.  

Borehole depth H 56 m 
Borehole radius rb 0.108 m 
Shank space s 0.072 m 
Pipe’s outer diameter dpo 0.032 m 
Pipe’s inner diameter dpi 0.026 m 
Thermal conductivity of pipes kp 0.38 W/(m⋅K) 
Thermal conductivity of grout kg 1.2 W/(m⋅K) 
Ground density ρg 2390 kg/m3 

Specific heat capacity of ground cgr 860 J/(kg⋅K)  

Fig. 4. Time variations of inlet and outlet fluid temperatures and flow rate during the CIT-TRT.  
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possible. In the following subsection, the effect of double temperature 
control on the results is experimentally examined. 

3.3. CT-TRT: Tin and Tout are constant 

Three tests with different temperature values are performed to 
examine the influence of temperature difference, ΔTf = Tin − Tout , on 
the estimated k values. For the first one, Tin=35 ◦C and Tout=29 ◦C are 
the set values. Fig. 8 shows the time variations of inlet and outlet tem
peratures besides the flow rate. It takes approximately 8 h to reach a 
steady-state regime for the temperatures. The flow rate takes high values 
to keep the Tout constant at this transient regime, and after 45 h, it ap
proaches its steady value of 6 l/min. 

Fig. 9 shows a plot of 1/q′ versus ln(t). The red line shows the best- 

fitting range for the least-squares method. The thermal conductivity is 
estimated as 1.80 W/(m⋅K). The vertical gridlines in Fig. 9 represent the 
time range used in the fitting process. We use the data for the range of 
11.7–60 h. 

The second test was performed for Tin=40 ◦C and Tout=35 ◦C. Fig. 10 
shows the time variations of Tin, Tout and V̇f . Steady-state condition is 
reached for the temperatures after 10 h. The steady value of flow rate 
appears after 50 h as 9 l/min. A plot of 1/q′ versus ln(t) is seen in Fig. 11. 

For the last test of this section, the chosen inlet and outlet temper
atures are Tin =50 ◦C and Tout =43 ◦C. In Fig. 12, we see the time vari
ations of Tin, Tout and V̇f . Similarly, after roughly 10 h, a steady-state 
condition is achieved for the temperatures. The steady value of flow 
rate appears after 100 h as 9 l/min. Fig. 13 shows the plot of 1/q′ versus 

Fig. 5. Estimation of k-value of the ground by using the CIT-TRT data for Tin =40 ◦C. The blue dots show the experimental data and the solid red line represents the 
fitted line to determine the slope value β in Eq. (2), respectively. The dashed red line shows the fitted part’s extension into the early stages. 

Fig. 6. Time variations of inlet and outlet fluid temperatures and flow rate during the CHF-TRT.  
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ln(t). 
From these three different CT-TRT data, the k-values are estimated as 

1.80 W/m⋅K, 1.77 W/m⋅K, and 1.65 W/m⋅K for the fluid temperatures of 
35–29 ◦C, 40–35 ◦C, and 50–43 ◦C, respectively. It shows the influence 
of temperature level on the estimated k-values in CT-TRT. CHF-TRT 
estimates 1.73 W/m⋅K for the k-value when the fluid temperatures are 
set as 40–30 ◦C (see Fig. 6). Therefore, as expected, the best agreement 
between CHF-TRT and CT-TRT is obtained for the same temperature 
interval, 40–35 ◦C, as 1.73 W/m⋅K and 1.77 W/m⋅K. In a CIT-TRT, flow 
rate has a considerable effect on the results and the best way is to choose 
the highest possible value for the flow rate to keep the temperature 

difference minimum. Besides that, to obtain similar results from CIT- 
TRT and CHF-TRT, both tests must be set for the same temperature 
range. 

3.4. CIT&CHF-TRT: Tin and q′ are constant 

Using FC-TRT, it is also possible to perform a TRT under both con
stant heat flux and constant inlet temperature conditions simulta
neously. Thus, as an alternative TRT, we pumped the constant 
temperature water, Tin=35 ◦C, into BHE and controlled the flow rate to 
fix the heat flux equal to q′ = 54 W /m. The test results are given in 

Fig. 7. Change in the average fluid temperature (Twf ) during the experiment versus logarithmic time scale and estimation of k-value of the ground by using the CHT- 

TRT data for q̇′ = 63W /m. The blue dots show the experimental data and the solid red line represents the fitted line to determine the slope value βchf in Eq. (5), 
respectively. The dashed red line shows the fitted part’s extension into the early stages. 

Fig. 8. Time variations of inlet and outlet fluid temperatures and flow rate during the CT-TRT, Tin =35 ◦C and Tout =29 ◦C.  
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Fig. 14. 
The variation of the average circulated fluid temperature Twf with 

ln(t)is given in Fig. 15. Temperature fluctuations are lower than in the 
conventional test shown in Fig. 7 because both Tin and q′ are kept con
stant. The estimated k-value is 1.61 W/m⋅K. 

4. Uncertainty analysis 

For the TRTs consisting of constant heat flux condition, Test-2 and 
Test-6 in Table 2, the thermal conductivity is determined from k =
ρf cf Vf ΔTf/4πβchf H by using Eqs. (3) and (5). Hence, the relative un
certainty of k-value is given by Witte (2013) and calculated as 

δk
k
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
δV̇f

V̇ f

)2

+

(
δΔTf

ΔTf

)2

+

(δβchf

βchf

)2

+

(δρf

ρf

)2

+

(
δcf

cf

)2

+

(
δH
H

)2
√

(6)  

where δV̇f is the uncertainty of flow rate measured by a magnetic 
flowmeter with δV̇f = 0.1 l/min. ΔTf represents the difference between 
inlet and outlet fluid temperatures, Tin and Tout, measured by A-type 

PT100 sensors with an uncertainty of 0.15 K. Therefore, δΔTf =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(δTin)
2
+ (δTout)

2
√

is determined as 0.212 K. For the maximum and 
minimum temperatures in Table 2, the relative uncertainty values of 
fluid density and heat capacity, δρf/ρf and δcf/cf , are 0.8% and 0.3% 

Fig. 9. Estimation of k-value of the ground by using the CT-TRT data for Tin =35 ◦C and Tout =29 ◦C. The blue dots show the experimental data and the solid red line 
represents the fitted line to determine the slope value β in Eq. (2), respectively. The dashed red line shows the fitted part’s extension into the early stages. 

Fig. 10. Time variations of inlet and outlet fluid temperatures and flow rate during the CT-TRT for Tin =40 ◦C and Tout =35 ◦C.  
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respectively. Also, δβchf/βchf is represented by MAPE values in Table 2. 
The relative uncertainty of BHE depth is considered as δH /H = 1%, 
Witte (2013). By using these values, δk/k is calculated by Eq. (6) for 
Tests-2 and 6 and its values are given in Table 2. 

Similarly, for the TRTs consisting of constant temperature condi
tions, Eq. (2) is used to determine the value of k. Thus, its relative un
certainty is 

δk
k
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δΔT
ΔT

)2

+

(
δβ
β

)2
√

(7)  

where δΔT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δT2
wf + δT2

∞

√

and δTwf = δΔTf . The ground temperature is 

measured from 5 different points and, according to Witte (2013), δT∞ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑5

i=1[δT∞(zi)]
2

√

/5, which gives 0.067 K. Use of the values of δT∞ =

0.067 Kand δΔTf = 0.212 K gives δΔT = 0.222 K. Therefore, the 
values of δk/k are determined by Eq. (7) and given in Table 2 for Tests-1, 
3, 4 and 5. As temperatures and/or flow rates change through the tests, 
uncertainties also change. In Table 2, however, the maximum uncer
tainty values are given. 

5. Discussion and conclusions 

All test results are summarized in Table 2. Undisturbed ground 
temperatures are measured by the temperature sensors located between 

Fig. 11. Estimation of k -value of the ground by using the CT-TRT data for Tin =40 ◦C and Tout =35 ◦C. The blue dots show the experimental data, and the solid red 
line represents the fitted line to determine the slope value β in Eq. (2), respectively. The dashed red line shows the fitted part’s extension into the early stages. 

Fig. 12. Time variations of inlet and outlet fluid temperatures and flow rate during the CT-TRT for Tin =50 ◦C and Tout =43 ◦C.  
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the U-pipe and the grout of the borehole at each 10 m depth of the 
borehole. The symbol “∼” represents the time-dependent quantities 
during TRT. CIT-TRT estimates slightly higher k-values than the others 
because of the delayed steady-state regime (20 h after the beginning) 
due to uncontrolled outlet temperature and the higher temperature 
difference, ΔTf≈6 ◦C, caused by the low flow rate chosen. On the other 
hand, the flow control keeps both inlet and outlet temperatures con
stant, and it causes better agreement between the conventional CHF- 
TRT and CT-TRT results. The lower the temperature difference, the 
better the agreement. The estimated k-values of CT-TRT for 40–35 ◦C 
and CHF-TRT are 1.77 and 1.73 W/(m⋅K), respectively. The estimation 
of CIT&CHF-TRT, 1.61 W/(m⋅K), is the smallest k-value but still agrees 
with CT-TRT estimations in the 7% maximum deviation range. 

During the CT-TRT for 35.1 – 29.2 ◦C, the flow rate changes between 
6 and 12 l/minin the first 25 h of the test, Fig. 8, although it becomes less 
than 10 % after the 25th hour of the test. Therefore, it is necessary to 
know whether the borehole thermal resistance is considerably affected 
due to the changes in flow rate. Using the explicit formula of the 
Multipole method given by Claesson and Javed (2019), the effect of the 
flow rate on the borehole thermal resistance can be estimated. Even for 
the interval of 6–12 l/min, thermal resistance changes are in a 
completely negligible range, from 0.199 to 0.197 m⋅K/W. Therefore, the 
total change of borehole thermal resistance is about 1 % from the 
beginning to the end of the test. 

Fig. 13. Estimation of k-value of the ground by using the CT-TRT data for Tin =50 ◦C and Tout =43 ◦C. The blue dots show the experimental data and the solid red line 
represents the fitted line to determine the slope value β in Eq. (2), respectively. The dashed red line shows the fitted part’s extension into the early stages. 

Fig. 14. Time variations of inlet and outlet fluid temperatures and flow rate during the CIT&CHF-TRT for Tin =35 ◦C and q′ =54 W/m.  
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• In the previous study about constant temperature TRT, Aydin et al. 
(2019) showed that the slope of the inverse heat transfer rate in 
logarithmic time axes is related to only the thermal conductivity of 
the ground but not the heat capacity, and thus can be used for direct 
estimation of thermal conductivity. Naturally, the estimations based 
on constant temperature and constant heat flux models are expected 
to be the same in principle. However, the deviations from constant 
temperature conditions in practice affect the accuracy of the esti
mations and might cause some inconsistency between the estima
tions of CT-TRT and CHF-TRT. Note that the constant power or heat 
flux condition is relatively more manageable than the constant 
temperature condition. For a constant inlet temperature test, outlet 
temperature changes asymptotically through the test, as seen in 
Fig. 4. This is the main reason for the deviation from the conditions of 
the analytical model.  

• On the other hand, the introduced FC-TRT keeps both inlet and outlet 
fluid temperatures simultaneously constant and leads to more ac
curate estimations for thermal conductivity. By using the introduced 
system, three CT-TRTs are performed at different temperatures, and 
their average estimation for thermal conductivity is 1.74 W/(m⋅K), 
while the conventional CH-TRT estimates 1.73 W/(m⋅K). Also, it is 
seen that the temperature level of the test is another factor affecting 
the estimated values. Therefore, the best agreement between CT-TRT 

and CHF-TRT can be achieved if their temperature ranges are the 
same.  

• Furthermore, four different TRT methods are compared, and a good 
agreement is obtained between their estimations. Also, the intro
duced FC-TRT system provides a generalized and precise TRT plat
form and allows the performance of both CIT-, CT-, and CHF-TRTs 
besides the novel CIT&CHF-TRT. Therefore, FC-TRT offers more 
opportunities for researchers, planners, and engineers. 
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Fig. 15. Change in the average fluid temperature (Twf ) during the experiment with logarithmic time scale and estimation of thermal conductivity (k) of ground by 
using the data of CIT&CHF-TRT. The blue dots show the experimental data, and the solid red line represents the fitted line to determine the slope value β in Eq. (5), 
respectively. The dashed red line shows the fitted part’s extension into the early stages. 

Table 2 
Summary of all test results. The symbol “∼” represents the time-dependent quantities during TRT measurements. The average uncertainty in estimated k-values is 
approximately 5% due to measurement devices.  

No TRT Constant quantities Tin ( ◦C) Tout( ◦C) V̇f (l/min) q′ (W/m) T∞ ( ◦C) k-value W/(m⋅K) MAPE 

1 CIT-TRT Tin, V̇f 40.0 ∼ 8.0 ∼ 18.8 1.94 ± 2.9 % 2.6 
2 CHF-TRT q′, V̇f ∼ ∼ 12.0 63.1 18.5 1.73 ± 5.3 % 0.5 
3 CT-TRT Tin, Tout 35.1 29.2 ∼ ∼ 19.6 1.80 ± 5.4 % 5.1 
4 CT-TRT Tin, Tout 40.0 35.1 ∼ ∼ 19.8 1.77 ± 8.3 % 8.2 
5 CT-TRT Tin, Tout 49.8 42.8 ∼ ∼ 18.4 1.65 ± 4.9 % 4.8 
6 CIT&CHF-TRT Tin, q′ 35.0 ∼ ∼ 53.6 19.2 1.61 ± 5.0 % 0.3  
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