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Abstract. Windless environments are prevalent in greenhouses, where precise temperature control is critical

to the health of plants and errors in temperature measurement must be avoided. A mathematical model based on

heat balance is used to estimate the error in temperature sensors under different conditions and sensor

geometries. The model is then applied to two geometries and solved numerically. The sensors used are a T-type

thermocouple and a Sensirion SHT 75. Experiments are carried out in a greenhouse prototype to replicate

conditions in a greenhouse and validate the error model. Active ventilation of the sensors is provided by a fan

and passive ventilation is provided using a model built on the concept of a ‘solar chimney’. It is shown that even

small flow rates can decrease the error shown by unventilated sensors by as much as 10�C.
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1. Introduction

It is well established that sensors produce errors while

measuring the temperature of air if they are exposed to

direct radiation [1–3]. The various energy interactions

between the sensor and its surroundings dictate the final

temperature of the sensor. The error in the temperature

readings depends on several factors, including the sensor

size, emissivity, thermal mass, air flow over the sensor and

the shape of the sensor. A common practice to reduce errors

in temperature measurement is to employ radiation shields,

whose effect on temperature and humidity sensors have

been studied extensively. There are different types of

radiation shields [4] and they can be mechanically aspirated

or passively ventilated. These types of shields include

single plate, double plate, stacked multiple plates or vertical

tubes.

It is important in temperature measurement that the

temperature sensor be well ventilated even after shielding

it from direct radiation, because over long periods of time,

the combined effect of conduction from the radiation

shield and longwave radiation tends to heat up the stag-

nant air inside the shield to a temperature higher than the

ambient. Air flow around the sensors is thus required.

However, in environments like greenhouses, air movement

may not always be present, thus making sensors more

error prone.

In this work, theory and experiments have been com-

bined to show the effect of shielding and ventilation on the

error shown by a sensor. The shielding configuration used is

a horizontal tube as detailed in [3]. A mathematical model

is used to calculate the temperature that a sensor measures

in different conditions, namely, unshielded as well as

shielded and aspirated. Two types of sensors have been

used. The first is the T-type thermocouple, which has a

small diameter (1 mm) and a small thermal mass. The

second sensor modelled is the Sensirion SHT 75 sensor,

which measures both temperature as well as humidity.

Experiments are then carried out using both active venti-

lation by use of a fan and passive ventilation by use of a

mini-solar chimney. The Sensirion sensor was chosen as it

is currently adopted in many applications for temperature

and humidity measurements.

2. Mathematical model

2.1 Energy balance for sensors

The thermocouple without shielding can be modelled as

either a horizontal cylinder (for thermocouples with length

comparably higher than the diameter) or a sphere. The

incoming solar insolation (I) is balanced by the heat lost

due to convection and radiation.

IApa ¼ UA Tss � Tað Þ: ð1Þ

The Nusselt number correlation for natural convection in a

horizontal cylinder/sphere has been used to calculate h.

The Sensirion sensor is modelled as a flat plate. The

actual sensor is shown in figure 1. Equation (1) is also valid*For correspondence
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for this case with the appropriate Nusselt number

correlation.

Table 1 presents the errors shown by the two sensors

when they are kept in a still atmosphere, i.e., without any

shield or flow.

For a sensor enclosed within a shield and subjected to

forced ventilation, there are multiple energy interactions.

Consider a horizontal PVC tube which encloses a sensor.

The size of the sensor is negligible compared to the size of

the shield. The PVC tube is padded with thermocol to pro-

vide insulation and is wrapped in aluminium foil to increase

reflectivity. A small fan is attached to the end of the PVC

tube which can generate different flow rates through the

tube. A schematic of the set-up is shown in figure 2.

In steady state, the outside surface of the shield is

directly exposed to the incident radiation, both direct solar

radiation and long-wave radiation from heated surfaces.

The shield interacts with the atmosphere through convec-

tion (natural on the outer surface and forced on the inner)

and radiation and with the sensor only through radiation.

The sensor interacts with the atmosphere through forced

convection.

If the fan is off, the whole system attains a steady state

where all the components attain the same temperature after

a long time. The equations governing the process are as

given in the ‘‘Appendix’’.

2.2 Results of the model

The equations were solved numerically in C?? to get the

values of sensor temperature for different parameters.

Here, the results shown are those considering parameters

as shown in table 2. The Sensirion was modelled as a

5 mm 9 3 mm flat plate. The thermocouple was modelled

as two cases—one as a cylinder with 1 mm diameter and

3 mm length, and the other as a sphere of 1 mm diameter.

We present results for the case of sensor placed within

the shield and with the fan on. Once the fan is turned on, the

temperature errors drop significantly in both the thermo-

couple (error is small to begin with) as well as the Sen-

sirion. The results are shown in figure 3 for different

velocities induced by the fan. The results are shown for the

Sensirion model only.

Even a small velocity drastically reduces the temperature

the sensor sees from 312 to around 301 K. When ambient

air is forced through the set-up, the inner surface of the

shield and the sensor exchanges heat through forced con-

vection with the ambient air, and this greatly reduces their

steady state temperatures. Thus, even small flow rates of air

are sufficient to reduce significant errors. However,

increasing velocity of the air does not reduce the error

substantially as seen in figure 3.

Dependence of temperature error on insolation is shown

in figure 4. Here, the velocity is kept constant at 0.25 m/s

along with the other parameters. A linear relationship is

observed.

3. Experiments

Experiments were conducted to validate the model and to

understand the impact of radiation shields with and without

aspiration on temperature measurement. To obtain windless

conditions and replicate conditions obtained in a green-

house, a model polyhouse was built on the rooftop of the

Department of Mechanical Engineering at IISc, Bangalore.

The polyhouse is shown in figure 5.

To compare the temperature values with shielding and

aspiration, a horizontal tube shield along with unshielded

sensors was used. The horizontal PVC tube shield (5 cm

diameter) was insulated with 2.5 cm thick thermocol and

wrapped in aluminium foil. A 0.09-A fan, SUNON model

KD1204KBX-8, was attached to the end of the PVC tube

and provided a mean speed of 1 m/s.

Figure 1. Sensirion sensor modelled as a flat plate.

Figure 2. Schematic of the aspirated set-up (not to scale).

Table 2. Model parameters.

Parameter Value

Insolation 500 W/m2

Ambient temperature 300 K

Absorptivity of sensors 0.5

Thermocol thickness 2.5 cm

Table 1. Simulated temperature error in still air.

Sensor

Temperature

reading (K)

Error

(K)

Thermocouple without shielding

(cylinder)

302.08 2.08

Thermocouple without shielding

(sphere)

301.1 1.1

Sensirion without shielding 312.34 12.34
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Air temperature measurements were taken using T-type

thermocouples of 1 mm diameter. One of the thermocou-

ples was placed inside the Gill shield, one more inside the

PVC tube, and one was placed inside the polyhouse without

any shielding.

Global irradiance was measured using a pyranometer

inside the polyhouse. For thermocouples and the pyra-

nometer, data were captured using a Keysight Data Acqui-

sition system (Model 4972 A) every 30 s and the data logger

was housed inside a room kept at the ambient temperature

outside the polyhouse. Measurements from all thermocou-

ples and Sensirion sensors agreed to within 0.1�C when not

under direct radiation. The temperature from the SHT 75

sensor was logged onto an Arduino Mega 2560 micropro-

cessor, which was also housed inside the room.

3.1 Solar chimney

The fan used in the experiments produced an average

velocity of 1 m/s. However, it was shown in the model that

such high velocities are not required to reduce the tem-

perature error significantly. This was the main motivation

behind finding a new method to cool the sensor without

using a fan. The concept of a solar chimney has been used

for a long time in power generation [5] and in architecture

as a means to provide ventilation [6].

Different designs of the solar chimney were tried to

understand which type would induce high flow rates and

would thus reduce the error shown by the sensors.

The first type included the conventional single wall single

transparent vertical surface as shown in figure 3 of [7]. The

second design included using absorber strips instead of a single

wall to induce uniform heating within the solar chimney. A third

design included using rods instead of strips. The arrangement of

vertical strips inside a cylindrical enclosure connected to the

sensor housing is shown in figure 6. This arrangement gave the

least errors in temperature measurement.

It would be impractical to build a solar chimney that is

too large considering that it must provide aspiration to only

one small sensor. It is therefore important to calculate the

flow rate provided by a small chimney to see if it produces

enough mass flow rate to reduce the temperature error of

the sensors. The final set-up is shown in figure 7.

The mass flow rate for a solar chimney configuration

with one wall is calculated using the following formula [8]:

m ¼ CDqiA0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ A0

Ai

2
� �

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gH
Ti

T0

� 1

� �

s

: ð2Þ

The average fluid temperature is calculated using an energy

balance as described in [8] with a few simplifying
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Figure 3. Temperature error versus velocity for 500 W/m2

insolation.
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Figure 4. Temperature error versus Insolation for velocity of

0.25 m/s.

Figure 5. Polyhouse inside which experiments were conducted.

Figure 6. Top view of solar chimney model with strips arranged

inside a transparent cylinder.
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assumptions: namely the model was solved considering one

glass wall and one absorber wall without conductivity and

also by assuming appropriate Nusselt numbers for the given

geometry.

The equations are solved using an iterative method in

C?? to calculate the wall, glass and average fluid tem-

peratures and the mass flow rate, and the results are shown

in table 3. The solar insolation for all these cases was taken

as 350 W/m2.

As observed, small solar chimneys (less than 15 cm

height and width less than 7 cm) can induce the required

small flow rates. Experiments were conducted that had a

single wall as was calculated, and for strips as shown in

figure 6. It was found that the strips were more effective

although no analytical calculation of the flow rate was

performed. The principle, however, remains the same and

all the results are for the vertical strips.

4. Experimental results

4.1 Results for thermocouple

Figure 8 shows the temperature values recorded on a

cloudless day from 11 am to 4 pm using two thermocouples

– one shielded with the fan and another unshielded. The fan

was switched on at 1:30 pm and is characterized by a

sudden drop in temperature for the thermocouple in the

shield. As predicted by the model, the thermocouple that

was not shielded recorded higher temperatures than the

aspirated thermocouple by 1–1.5 K under high solar inso-

lation ([500 W/m2). Thus, the thermocouple that is shiel-

ded and sufficiently aspirated is assumed to show the most

accurate reading for all the experiments. It can also be seen

that without aspiration, the shielded thermocouple shows a

temperature significantly higher than that of the unshielded

one (up to 7 K). It is also worth noting that the unshielded

thermocouple, because of its low thermal mass as compared

with the whole shielding set-up, is more sensitive to

changes in insolation and hence the graph for the unshiel-

ded thermocouple shows rapid variations corresponding to

Figure 7. The different sensors inside the polyhouse. 1—Solar-

chimney-assisted aspiration, 2—Gill radiation shield, 3—fan-

assisted aspiration, 4—pyranometer.

Table 3. Mass flow rates for different wall heights.

Height (m) Width (m) Flow rate (cfm) Velocity (m/s)

0.10 0.05 0.30 0.07

0.10 0.10 0.36 0.088

0.15 0.075 0.43 0.10

0.20 0.10 0.57 0.13
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Figure 8. Temperature readings of thermocouples, one unshielded and the other placed in the aspirated tube. The fan is switched on at

1:30 pm.

91 Page 4 of 7 Sådhanå (2019) 44:91



the changes in the insolation. Due to the rapidly changing

insolation, sometimes the aspirated and unshielded tem-

peratures show the same value. However, on average the

aspirated sensor shows a lower reading, especially when the

insolation is relatively stable. This difference can be seen

clearly in figure 9, where the data were taken on a day with

intermittent insolation due to clouds. The unshielded ther-

mocouple rapidly changes temperature and even though it

is still discernible that the aspirated thermocouple shows

lower temperatures, the difference is less than 1 K due to

the rapidly changing insolation. From the graphs, it can be

observed that the temperatures inside the polyhouse are

relatively high and go up to 50�C.

4.2 Results for Sensirion

As the Sensirion has a higher surface area exposed to the

radiation, it was predicted by the model that the

temperature error produced would be around 12 K. In the

experiments, the unshielded Sensirion showed a tempera-

ture that was about 10 K higher than the aspirated one. The

graph for the Sensirion sensor is shown in figure 10. The

shielded sensor with the fan off showed 2–4�C lower than

the unshielded one.

4.3 Results for solar chimney

The results obtained for the solar chimney are shown in

figure 11. It was found that the use of strips was more

effective than the single wall solar chimney.

It was also observed that the temperature recorded by the

Sensirion sensor with the solar chimney was around

1–1.5 K higher than that by the aspirated sensor. This is

expected from the model; a slower mass flow rate causes

the temperature error to be higher.
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Figure 9. Temperature readings of two thermocouples with changing insolation. Fan is switched on at 10:45 am.
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Figure 10. Temperature values for two Sensirion sensors (one unshielded and the other shielded and aspirated). Fan switched on at

12:10 and switched off at 13:20. No insolation data was available for this measurement.
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5. Conclusion

It is clearly understood that in environments where there is

no movement of air, errors in temperature measurement

may be too large to ignore. It is thus very important to

aspirate the sensors to reduce this error. It has been shown

that even small flow rates are relatively successful in

reducing the error shown by temperature sensors inside

high radiation environments. The use of standard radiation

shields like the Gill shield without any aspiration will cause

significant errors in the temperature readings.

The concept of using a solar chimney instead of a fan has

been introduced and it has been shown that a solar chimney

can be used instead of fans to a reasonable accuracy. Further

improvements in the design of the solar chimney are possible

to ensure higher flow rates, thus lowering the errors further.

It is also worth noting that solar chimneys need to be

placed in areas with reasonably high solar insolation.

Nomenclature
I solar insolation

Ap perpendicular area

a absorptivity

ad thermal conductivity

U overall heat transfer coefficient

h convective heat transfer coefficient

Tss sensor surface temperature

Ta ambient temperature

CD discharge coefficient

Ao outlet cross-sectional area

Ai inlet cross-sectional area

H height of absorbing wall

qi average fluid density

Ti average fluid temperature inside chimney

To average fluid temperature outside chimney

m mass flow rate

g acceleration due to gravity

k thermal conductivity

r radius

F radiation view factor

h heat transfer coefficient

Nu Nusselt number

Ra Rayleigh number

Re Reynolds number

Pr Prandtl number

DT temperature difference

l characteristic length

b thermal expansion coefficient

m kinematic viscosity

Subscripts used in appendix
so shield outer

si shield inner

soa shield outer ambient

sia shield inner ambient

ss sensor surface

Appendix

In steady state, the outside surface of the shield is directly

exposed to the atmospheric radiation. The heat absorbed

by the outer surface is convected and radiated to the

atmosphere and also conducted to the inner surface of the

thermocol and PVC tube (assuming no contact resistance

and zero thickness of the PVC tube). The PVC tube then

radiates heat to the sensor and also loses heat by
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Figure 11. Temperature values for aspirated thermocouple and solar-chimney-aspirated sensor. Fan switched on at 10:50 am.
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convection due to the fan. The sensor, in turn, loses heat

to convection.

Equation (A1) models the energy balance for the outer

thermocol insulation. Equation (A2) equates the energy

conducted to the inner surface of the insulation and then

radiated to the sensor. Equation (A3) is the energy balance

over the sensor considering forced ventilation.

IAsopa ¼ 2pksoL Tso � Tsið Þ
ln ro

ri

� � þ hsoaAso Tso � Tað Þ

þ rA T4
so � T4

a

� �

; ðA1Þ

2pksoL Tso � Tsið Þ
ln ro

ri

� � ¼ hsiaAsi Tsi � Tað Þ

þ rAsiFssass T4
si � T4

ss

� �

; ðA2Þ

rAsiFssass T4
si � T4

ss

� �

¼ hssaAss Tss � Tað Þ: ðA3Þ

Here, A, k, T, h, r and F stand for the area, thermal con-

ductivity, temperature, heat transfer coefficient, radius and

radiation view factor, respectively, while the subscripts so,

si, soa, sia and ss stand for shield outer, shield inner, shield

outer ambient, shield inner ambient and sensor surface,

respectively.

The Nusselt number correlations for hsoa, hsia and hssa

are the horizontal cylinder natural convection, pipe internal

convection and horizontal plate in forced convection,

respectively.

1. Horizontal flat plate in natural convection

Ra ¼ gb� DT � l3

mad
; ðA4Þ

Nu ¼ 0:54Ra0:25: ðA5Þ

2. Horizontal cylinder in natural convection (RaD\1012)

Nu ¼ 0:6 þ 0:387Ra
1
6

D

ð1 þ 0:559
Pr

9
16Þ

8
27

: ðA6Þ

3. Horizontal sphere in natural convection (RaD\1011Þ.

Nu ¼ 2 þ 0:589Ra
1=4
D

ð1 þ 0:469
Pr

9=16Þ4=9
: ðA7Þ

4. Flat plate in forced convection

For the sensor in a mean flow velocity of 1 m/s and

polyhouse conditions, the flow is assumed to be laminar

(it should be noted that the fan is sucking air over the

sensor as opposed to blowing).

Nu ¼ 0:664Re
1
2Pr

1
3: ðA8Þ

5. Forced convection from tube at constant temperature

Nu ¼ 3:66: ðA9Þ
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