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A B S T R A C T   

Tractors are manufactured without air-conditioned cabins in Pakistan. This leads to thermal 
discomfort for tractor operators working under direct solar exposure. Therefore, this study aimed 
to design and install an air-conditioned cabin on a tractor. Experiments were undertaken to 
evaluate the installed cabin performance under two scenarios i.e., conventional (S–I) and 
enhanced (S-II) air distribution. Computational fluid dynamics (CFD) simulations were used to 
analyze airflow and calculate thermal comfort indices. The results showed that the air- 
conditioned cabin attained optimum thermal conditions under the enhanced air distribution 
scenario (S-II). In this scenario, the inside cabin temperature was an average of 27.4 ◦C, compared 
with 30.4 ◦C in S–I. The relative humidity remained similar in both scenarios, around 53 %. The 
temperature difference between the cabin and the ambient environment was 11.09 ◦C in S-II, 
aligning with the thermal comfort conditions outlined in ISO 14269–2. Furthermore, the CFD 
simulations showed a predicted mean vote (PMV) index of 0.61 and the percentage people 
dissatisfied (PPD) index of 26.5 %. These results also confirm the provision of optimum thermal 
conditions for operator inside the cabin. The simulations also demonstrated good agreement with 
experimental data, with a small difference in air temperature (2 ◦C) and relative humidity (5.8 
%). In the light of these findings, this study recommends installation of air-conditioned cabin on 
tractors with enhanced air distribution (S-II) in Pakistan to improve thermal comfort of operators.   

1. Introduction 

Human thermal comfort is state of mind which expresses satisfaction with surrounding thermal environment [1]. Being a function 
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of different psychological and physiological attributes of a person, it is difficult to maintain human thermal comfort in indoor envi
ronments [2,3]. It is more complicated in vehicles, where several complexities occur due to transient microclimate [4,5] and direct 
solar exposure in the case of tractors and other agricultural machinery [6–8]. Several personal and environmental factors are involved 
in providing optimum thermal comfort for tractor operator [9–12]. To overcome the impact of these factors, air-conditioned cabins are 
installed on tractors and other agricultural machinery to maintain optimum thermal comfort. Lack of optimum thermal comfort can 
adversely impact the ability of the driver to focus and stay concentrated while driving [13–15]. Thus, proper designing of tractor cabin 
and effectiveness of air-conditioning system are crucial determinants to ensure thermally comfortable environment [16–18]. In this 
regard, different types of air-conditioning systems have been proposed in the existing literature for agricultural applications [19–21]. 

International Organization for Standardization (ISO) has developed standards on design considerations for air-conditioning sys
tems in tractor and other agricultural machinery. In this regard, the standard AS–ISO–3411 [22] provides a detailed guide for the 
design of tractor cabins. This standard briefly explains the cabin envelope and preferred space considerations for the operator. In 
contrast, ISO 14269–2 [23] discusses the procedural norms for the performance evaluation of air-conditioning system within tractor 
cabins and other self-propelled agricultural machinery. The ISO 14269-2 discusses two distinctive methods to assess thermally 
agreeable conditions within the tractor cabins, founded on the principles of thermal comfort zone and temperature difference between 
ambient and indoor environments. However, ISO-7730 introduces a more widely accepted methodology for evaluating optimal 
thermal comfort conditions based on predicted mean vote (PMV) and percentage people dissatisfied (PPD) [24,25]. PMV is an index on 
the thermal sensation scale ranging from +3 to − 3 representing too hot - too cold thermal sensations, respectively [26]. PPD is the 
percentage of people dissatisfied with a specific PMV. Other similar standards for vehicular and agricultural machines air-conditioning 
applications have also been developed by ISO [27,28]. The adherence to standardization facilitates the development of efficient 
air-conditioning cabin for tractors and other self-propelled agricultural machinery. Several studies have investigated the performance 
of air-conditioning cabin for tractors, adhering to the aforementioned standards. Kaufman et al. [29] investigated the thermal comfort 
inside 16 tractor cabins, concluding that PMV index is a better indicator of thermal comfort than cabin temperature. Hwang and Kim 
[30] evaluated the thermal comfort in 31 tractor cabins based on the PMV index, revealing that majority of cabins fell outside the 
thermal comfort zone, with only 25 % of the tested tractors achieving PMV index within +0.5 to − 0.5. 

In a different vein, Oh et al. [16] conducted an experimental study to assess proper vent location inside the tractor cabin, suggesting 
that dashboard is the most suitable location for vents. However, Kabeel et al. [10] and Hou et al. [31] preferred ceiling for 
air-conditioner (AC) vents. Ruzic et al. conducted several experimental and numerical studies on tractor cabin air-conditioning and air 
flow analysis while considering operator thermal comfort [32–34]. 

Pakistan, being agricultural country, predominantly relies on tractors to perform various farm operations. It is pertinent to mention 
that all the tractors produced in Pakistan (about 0.7 million units to date) [35] lack air-conditioned cabins [36,37]. Remarkably, none 
of studies [16,29,30,32] have discussed the design and installation of an air-conditioned cabin on tractor. Therefore, in this study, an 
air-conditioned cabin was designed and installed on already manufactured tractor to provide thermal comfort to the operator. The 
performance evaluation of developed system was carried out through experimentation and simulation under specific climatic con
ditions characterizing Pakistan. 

2. Methodology 

2.1. Tractor cabin 

A tractor cabin was designed in accordance with the specifications provided in the standard AS–ISO–3411 [22]. The developed 
cabin was installed on locally manufactured tractor in Pakistan, as shown in Fig. 1. The frame of the cabin was develpoed of cast iron 
while the walls were made of acryclic plastic. The metallic body of the frame was insulated with layers of insulation materials, i.e., 
carpet and rexine. The size of air-conditioning (AC) system was estimated based on different types of heat loads in the cabin. These 

Fig. 1. Pictorial representation of the developed tractor cabin and air-conditioning system.  

M. Riaz et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e23038

3

constitute heat load inside the cabin due to the temperature difference (Qc), heat transfer through the cab roof (Qs,roof) and walls (Qs, 

wall) caused by solar radiation, heat gain due to air infiltration, heat gain from the engine powertrain (Qpt), and sensible (Qs) and latent 
(Ql) heat released by the operator [38]. On the other hand, heat rejection sources include solar heat reflected to the air (Qref), heat 
rejection due to convection (Qcon), and heat removed by the air-conditioning system (QAC). Air-conditioning system removes the heat 
produced by the sources i.e., Qc, Qs,roof, Qs,wall, Qpt, Qs, and Ql. Therefore, heat rejection by air-conditioning system was considered in 
this study. However, heat rejection in terms of solar heat reflected to the air (Qref) and heat rejection due to convection (Qcon) were not 
considered in this study. Such exclusion of heat rejections are also described in literature [39]. Moreover, heat gain due to air infil
tration was not considered in this study. It is because of pressurization of tractor cabin under the testing conditions [39]. The heat 
transfer between the ambient and the interior air due to the air temperature difference was calculated using Equation (1) [38]. 

Qc =UA (To − Tcab ) (1)  

where, Qc is the heat transfer through the cab envelope due to the temperature difference, U is total heat transfer coefficient of cab 
walls (W/m2K), A is surface area of cab walls (m2), To is ambient/outside air temperature (K) and Tcab is inside air temperature (K). 

Similarly, heat transfer through the cab roof (Qs,roof) and walls (Qs,wall) caused by solar radiation can be calculated using Equation 
(2) and (3), respectively [39]. However, heat load from power train (Qpt) was calculated using Equation (4) [40]. Human thermal loads 
i.e., sensible and latent heat loads were determined using Equation (5) and ASHRAE guidelines, respectively [33,41]. 

Qs,wall = Si.τ + U
(
Ti,G − Tcab

)
(2)  

Qs,roof =Uroof
(
Ti,roof − Tcab

)
(3)  

Qpt =Afloor.Ufloor
(
Ti,floor − Tcab

)
(4)  

Qo =Mh.A (5)  

Qtotal =Qc + Qs,wall + Qs,roof + Qpt + Qo  

where, Qs,wall is the heat load through the cabin wall caused by solar radiation (W/m2), Si is solar irradiance (W/m2), τ refers to solar 
transmitivity, U is heat transfer coefficient of cabin walls (W/m2K), Ti,G denotes temperature of the inner side of the cabin wall (K), Tcab 
represents inside air temperature (K), Qs,roof is the heat load through the cabin roof caused by solar radiation (W/m2), Uroof refers to 
heat transfer coefficient of the cabin roof (W/m2K), Ti,roof denotes the inner side temperature of cabin roof (K), Qpt is the heat load from 
powertrain (W/m2), Ufloor represents heat transfer coefficient of the roof insulation material and taken as 5.56 W/m2K for carpet [42], 

Fig. 2. Spatial distribution and installation of air temperature, relative humidity, and velocity sensors inside the tractor cabin as described in ISO 
14269–2 [23]. Points 1 to 6 represent the locations of temperature and relative humidity sensors while point 7 represents the air velocity mea
surement location. 
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Ti,floor is the temperature of floor (K) and taken as 50 ◦C in accordance with [39], Qo is the sensible heat load from the operator (W), Mh 
is the metabolic heat released by the operator and was taken as 100 W/m2 for tractor’s operator [43]. A refers to the surface area of the 
human body, which can be calculated by the formula given in Ref. [38]. Accordingly, overall heat loads were estimated about 3.42 kW 
for the ambient conditions of Multan. The evaporator of the recirculating type AC system has three varying speeds i.e., 5, 6.5, and 8.5 
m/s with the maximum airflow rate of 195 m3/h. It was an internal ceiling evaporator with 6 vents installed above the operator’s seat. 
The location of AC vents was specified based on the most suitable locations reported in the literature [10,31]. 

2.2. Experimentation 

Experiments were conducted during the summer season in Multan district, Pakistan (30.1575◦ N, 71.5249◦ E). Two air distribution 
scenarios were tested in this study i.e., air distribution without ducts referred as conventional air distribution scenario (S–I) and air 
distribution through ducts which is referred as enhanced air distribution scenario (S-II). In S–I, the cool air from the AC vents could 
freely flow through the cabin while in S-II, ducts were installed at two (out of six) AC vents to distribute air to the lower part of the 
cabin to tackle higher engine heat loads in this area. The diameter of ducts was equal to the diameter of AC vents i.e., 6.25 cm and the 
length of these ducts was 1.5 m. These ducts receive the air from AC vents and deliver it to the bottom of cabin i. e, near the operator’s 
feet. The testing procedure was followed as described in the ISO 14269–2 [23]. Six sensors were installed inside the tractor cabin at the 
specified locations to record spatio-temporal variations in air temperature and relative humidity according to ISO 14269–2 [23]. The 
spatial distribution and locations of the installed sensors are shown in Fig. 2. Moreover, air velocity was also measured using an 
anemometer at the specified location. Specifications of the temperature and relative humidity sensors and anemometer are provided in 
Table 1. The data recorded by these sensors were used to evaluate the air-conditioning system performance. Uncertainty in mea
surement of temperature and relative humidity was calculated using Equation (6) [44]. Maximum uncertainty in temperature and 
relative humidity measurement were calculated as ±0.32 ◦C and ±5 %, respectively. 

∂t =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∂2
s + ∂2

c + ∂2
d

√

(6)  

where, ∂t denotes total uncertainty, ∂s, ∂c, and ∂d represent uncertainties in sensors, calibration process, and data acquisition system. As 
the sensors do not have separate data acquisition units, ∂d was neglected while values for ∂s and ∂c were provided by the manufacturer 
[45]. 

The thermal comfort conditions were assessed based on the criteria defined in ISO 14269–2 i.e., (i) human thermal comfort zone, 
and (ii) temperature difference between ambient and inside cabin environments (ΔT) [23]. The human thermal comfort zone 
developed for tractors and other self-propelled agricultural machines on psychrometric chart represents temperature and relative 
humidity ranges between 24–27 ◦C and 15–85 %, respectively [23]. The second criterion of temperature differences described in ISO 
14269-2 states that the air-conditioning system should be capable of reducing cabin temperature by a minimum of 11 ◦C compared 
with ambient temperature if ambient temperature is 38 ◦C or above [23]. The air thermal conditions inside the tractor cabin were 
tested against both the criteria, and human thermal comfort conditions were assumed to be achieved if either of the criteria was met. 
Moreover, thermal comfort indicators i.e., predicticted mean vote (PMV) and percentage people dissatisfied (PPD) were also calculated 
through airflow analysis. 

2.3. Airflow analysis 

Airflow analysis inside the tractor cabin was conducted using computational fluid dynamics (CFD) simulations in the SOLIDWORKS 
airflow simulation module [47]. The flow analysis was performed using k-ε turbulence model while the human thermal comfort 
parameters (i.e., predicted mean vote [PMV] and percentage people dissatisfied [PPD]) were estimated using the default human 
thermal comfort module of SOLIDWORKS. The basic continuity, momentum, and energy equations used in the simulation are Reynolds 
averaged Navier–Stokes equations. For steady-state conditions, these equations are written as Equations (7)–(9) [48]. However, the 
turbulence kinetic energy (k) and turbulence dissipation rate (ε) in k-ε turbulence model can be given by Equations (10) and (11), 
respectively [8]. 

∇.(ρϑ)= 0 (7)  

∇.(ρϑ.ϑ) =∇.(τ) − ∇P + ρg (8)  

Table 1 
Specifications of the air temperature, relative humidity, and speed measuring instruments used in this study.  

Model Manufacturer Parameter Measuring range Accuracy Reference 

GM1365 BENETECH Temperature 
Relative humidity 

− 30 ◦C–80 ◦C 
0–100 % 

±0.3 ◦C 
±5 % 

[45] 
GM1365 BENETECH 
UT363 UNI-T Air speed 0–30 m/s ±(5%rdg+0.5) [46]  
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∇.(ϑ.(P+ ρE))=∇.

[

−
∑

i
hiji + kef∇T + τef .ϑ

]

(9)  

where, Equations (7)–(9) are the continuity, momentum, and energy equations, respectively. The bold letters in the equations denotes 
vector quantities. ρ represents density (kg/m3), ϑ is the velocity (m/s), τ refers to stress (N/m2), P denotes static pressure (N/m2). 
Whereas g, E, hi, ji, kef , T, and τef denote the gravitational force (N), energy per unit mass (J/kg), specific enthalphy (J/kg), diffucion 
flux (mol/m2s), thermal conductivity (W/m ◦C), temperature (◦C), and effective stress (N/m2), respectively. Similarly, the k-ε tur
bulence model is given in the following equations [8]. 

∇.(ρkϑ)= Sk − ρϵ+Gk − YM +Gb +∇.

[{
μt

σk
+ μ

}

∇k
]

(10)  

∇.(ρϵϑ)= Sϵ − ρC2
ϵ2
̅̅̅̅̅
vϵ

√
+ k

+ ρC1Sϵ +C3ϵC1ϵGb
ϵ
k
+∇.

[{
μt

σϵ
+ μ

}

∇ϵ
]

(11)  

where, Sk and Sϵ are user defined terms (J/kg), Gk is the turbulent kinetic energy related to the velocity gradient (J/kg), YM refers to 
addition of fluctuations in turbulence (W/m2), Gb is the turbulent kinetic energy related to buoyancy (J/kg), μt denotes turbulent 
viscosity (m2/s), σk and σϵ are turbulent Prandtl numbers for k and ϵ, respectively. Whereas C1, C2, C1ϵ, and C3ϵ are the dimensionless 
constants. The values and details of all the constants and variables can be found in Ref. [16]. 

A symmetrical geometry of the actual tractor cabin and a mannequin (representing tractor operator) were designed in the software 
as shown in Fig. 3. Volume mesh of the tractor cabin was developed by default models to conduct CFD simulations as shown in Fig. 4. 
Mesh size was kept as 0.04 m in accordance to the previous literature [16]. Total solid and fluid cell in the cabin were 1,151,846 and 
357,771, respectively while the level of solid and fluid cells refinement was taken as default i.e., 4. The air-conditioner vents were 
replicated by six air inflow sources of identical dimensions in the geometry and the location of these sources was specified as of actual 
location in the tractor cabin. The boundary conditions for airflow analysis were taken from experiments, actual environmental data, 
and calculations using governing equations. The air temperature, relative humidity, and velocity of inflow air from AC vents were 
recorded during experiments and used as boundary conditions in the simulation to replicate actual experimental conditions. Similarly, 
ambient air temperature, relative humidity, velocity, and solar radiation were also recorded during experiments and the thermal heat 
loads were calculated using Equations (1)–(5). Moreover, the cabin materials were specified from build-in materials library in the 
software. The thermal comfort indices (PMV and PPD) were calculated by activating the built-in “thermal comfort parameters” in the 
software. These indices can be calculated using Equations (12) and (13), respectively [25]. 

PMV= 0.03e0.303+0.028)
{
(Mh − X)− 3.05[5.73 − 0.007(Mh − X)

− Pa ]− 0.42[(Mh − X)− 58.15]− 0.0173N(5.87 − Pa)− 0.0014Mh(34 − Ts)− 396.10− 8Fc
[
(Fc+273)− (Tm+273)4]

− FcHc(Tc − Ts)
}

(12)  

PPD= 100 − 95 exp
[
−
(
0.03353PMV4+0.2179PMV4)] (13)  

where, Mh, X, Pa , Ts, Fc, Tm, Hc, and Tc refer to metabolic heat rate (W/m2), personal activity level (W/m2), vapor pressure (Pa), 

Fig. 3. Design and dimensions of the actual tractor cabin used for airflow simulations.  
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surrounding air temperature (◦C), clothing factor (clo), mean radiant temperature (◦C), heat transfer through convection (Wm2/◦C), 
and temperature at clothing level (◦C), respectively. 

The simulation was performed under steady-state conditions therefore, the parameters changing with time were assumed to be zero 
[16]. However, other unknown parameters were calculated using governing equations and repeated simulations or taken from relevant 
literature. The metabolic heat rate (Mh) was taken as 100 W/m2 for tractor operator while personal activity level (X) was taken as 0 
W/m2 because of negligible mechanical work by the operator, as described in Refs. [16,43]. The vapor pressure (Pa ) was calculated 
through psychrometric calculations and surrounding air temperature (Ts) was taken as the average inside cabin air temperature during 
experiments. Moreover, clothing factor (Fc) was taken as 0.6 clo used for typical summer clothing as reported in the literature [16]. The 
remaining unknown parameters were calculated by the software through repeated simulations. Finally, the actual and simulated 
temperature and relative humidity were compared to check the validity of simulations. 

This is the first benchmark study for air-conditioned tractor cabin in Pakistan. This study solves the local problem of unavailability 
of air-conditioned tractor cabin. Thereby, technical contributions of the study (for Pakistan) include the indigenization of cabin for 
existing tractors and performance evaluation under local thermal conditions. Moreover, the experiments were conducted under un
controlled ambient environment. However, actual ambient thermal parameters like temperature and relative humidity during ex
periments were measured and used as boundary conditions in CFD simulations. 

3. Results 

Performance of the tractor air-conditioning cabin was first investigated for conventional air distribution scenario (S–I). Spatio- 
temporal variations in temperature and relative humidity inside the tractor cabin and ambient environment under S–I are shown in 
Fig. 5. The average ambient temperature and relative humidity during air-conditioning performance test were 38.3 ◦C and 51.9 %, 
respectively. However, the highest recorded temperature within the cabin reached 32 ◦C at sensor-6 during the test as shown in Fig. 5 
(a). The higher temperature at this location can be attributed to the heat loads from adjacent engine. This heat can be reduced by 
enhancing insulation between engine and cabin interior. On the other hand, the lowest temperature recorded, 28 ◦C, was at sensor-2. 
The highest spatial difference in temperature at different sensors was 4 ◦C which remains well within the maximum permissible spatial 
temperature difference of 5 ◦C, as specified in ISO-14269-2 [12]. Therefore, performance of the air-conditioning system can be 
evaluated under this experimental setup. The spatio-temporal variations in relative humidity inside the cabin shows a declining trend 
over time at all sensor locations relative to ambient conditions. The average highest and lowest relative humidity values were recorded 
as 56.06 % and 51.07 % at sensor-5 and sensor-6, respectively as shown in Fig. 5(b). The higher relative humidity at sensor-5 might be 
due to its location near to the operator’s head. Higher latent heat load at this location impacted the relative humidity of the nearby air. 
On the other hand, lower relative humidity at sensor-6 is due to higher thermal loads from adjacent engine to this location. These 
results highlights the impact of latent and sensible heat sources on thermal comfort inside the cabin. 

Temporal variations in average temperature and relative humidity inside the cabin and corresponding ambient conditions are 
presented in Fig. 6. Average inside cabin temperature and relative humidity were recorded as 30.4 ◦C and 53.5 %, respectively. The 
average temperature (30.4 ◦C) is higher than the thermal comfort zone (24–27 ◦C) specified in ISO 14269–2 [12]. However, the inside 
cabin temperature was found to 7.9 ◦C lower than ambient temperature. This also did not meet the minimum temperature difference 
criteria of 11 ◦C [12]. Therefore, the air-conditioning system could not achieve the minimum performance criteria of ISO 14269–2 

Fig. 4. Development of meshing of the air-conditioned cabin for CFD simulations.  
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Fig. 5. Experimental results of spatio-temporal variations in (a) temperature and (b) relative humidity at sensors 1–6 inside the tractor cabin in 
conventional air distribution (S–I) testing scenario. 

Fig. 6. Temperature and relative humidity profiles inside the tractor cabin and ambient environment in conventional air distribution (S–I) 
testing scenario. 
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under conventional air distribution (S–I) scenario. However, the cabin environment may still offer a more comfortable thermal 
experience for the operator in comparison to the ambient coditions. 

Keeping in view the low performance of the cabin under S–I, a hypothesis was developed that proper distribution of AC air inside 
the cabin can enhance the performance of the system. Main basis of the hypothesis was the expected ability of AC air to tackle higher 
heat loads coming from the engine. Therefore, an air distribution scenario termed as enhanced air distribution (S-II) was introduced in 
the cabin. The spatio-temporal variations in temperature and relative humidity inside the cabin and ambient environment during S-II 
scenario are shown in Fig. 7. The average ambient temperature and relative humidity during the test were 39.3 ◦C and 51.7 %, 
respectively. 

The temperature inside the cabin displayed variations across different sensor locations. Notably, the highest temperature (29.8 ◦C) 
was recorded at sensor-6 while the lowest (26.8 ◦C) was observed at sensor-2 as shown in Fig. 7(a). Significantly, the average tem
perature at sensor-2 location is within temperature limits (24–27 ◦C) of thermal comfort zone developed in ISO-14269-2 [12]. This is 
the only location where average temperature complied with the thermal comfort criteria. Average temperature at other sensor lo
cations was slightly higher than 27 ◦C as shown in Fig. 7. However, at the end of the air-conditioning test, temperatures at sensor-3 and 
sensor-4 locations also converged to the thermal comfort temperature limits and recorded as 26.6 ◦C and 26.02 ◦C, respectively. These 
results show better air-conditioning performance of the cabin in S-II compared to S–I. However, there are notable temporal variations 
in relative humidity at specified sensors locations inside the cabin as shown in Fig. 7(b). These variations can be attributed due to latent 
heat loads and the periodic switching of the air conditioner after attainment of the desired temperature inside the cabin. 

Temporal variations in average temperature and relative humidity inside the cabin and ambient conditions are presented in Fig. 8. 
The average inside cabin temperature and relative humidity were recorded as 27.4 ◦C and 53.28 %, respectively. These results show 
that the average thermal conditions (temperature and relative humidity) inside the tractor cabin are very close to the first criterion of 
operator’s thermal comfort as recommended by ISO 14269–2 [12]. 

Moreover, the second criterion (minimum difference between ambient and inside cabin temperature should be 11 ◦C) is clearly 

Fig. 7. Experimental results of spatio-temporal variations in (a) temperature and (b) relative humidity inside the tractor cabin in enhanced air 
distribution (S-II) testing scenario. 
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achieved as the temperature difference is 11.9 ◦C (Fig. 8). Thus developed hypothesis is true, and the air-conditioned cabin achieved 
thermal comfort conditions in enhanced air distribution scenario (S-II). Therefore, airflow analysis and calculation of PMV and PPD 
indices were further conducted by considering the boundary conditions of S-II. 

CFD simulations were performed for airflow analysis to assess the inside cabin air temperature, relative humidity, velocity, PMV, 
and PPD indices. A cross sectional view of the simulated air temperature, relative humidity, and velocity inside the tractor cabin is 
shown in Fig. 9. The air temperature throughout the cabin varies between a range of 20–35 ◦C (Fig. 9(a)). However, it is lower in the 
near surroundings of the operator than cabin walls due to location of the AC vents. The overall temperature in operator’s surroundings 
is within thermal comfort limits i.e., 24–27 ◦C [12]. Similarly, the corresponding relative humidity inside the tractor cabin is also 
within the thermal comfort zone (Fig. 9(b)). These results show that the simulated thermal environment inside the tractor cabin 
provides thermal comfort conditions to the operator in terms of air temperature and relative humidity. However, air velocity at the 
operator’s head and chest is higher than the maximum allowable air velocity specified in ISO 14269–2 [12] (Fig. 9(c)). This 
discrepancy is due to the placement of the AC vents positioned above the operator’s head. However, adjustment of air direction 
through the vents lever enables the reduction of air velocity up to acceptable limits in the actual tractor cabin. 

Moreover, PMV and PPD indices are more relevant parameters related to human thermal comfort in conditioned spaces like tractor 
cabin [24]. The simulated results of these indices are shown in Fig. 10. As the thermal environment variates spatially inside the tractor 
cabin, the PMV and PPD values fluctuates accordingly. The PMV value near the operator’s body lies around 0 (Fig. 10(a)) and the 
corresponding PPD value is less than 10 % (Fig. 10(b)). These results show that these indices are within thermal comfort limits and the 
operator is thermally comfortable inside the tractor cabin. Higher values of PMV and PPD near cabin walls are due to higher convective 
and conductive heat transfer from ambient environment, solar radiations, and engine heat. However, enhanced distribution of AC air 
in the bottom and engine side of the cabin reduces the impact of these heat loads, consequently establishing an environment that meets 
the criteria for thermal acceptability by the operator. 

Fig. 8. Temperature and relative humidity profiles inside the tractor cabin and ambient environment in enhanced air distribution (S-II) 
testing scenario. 

Fig. 9. Cross sectional view of the tractor cabin showing CFD simulation results of air (a) temperature, (b) relative humidity, and (c) velocity.  
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4. Discussion 

In conventional air distribution scenario (S-1), air from all the six AC vents moves downward from ceiling to reach operator’s 
shoulders and chest. Afterwards, this air moves down to the feet of operator at sensor-2 location due to higher kinetic energy. 
Therefore, temperature at this location is the lowest as shown in results (Fig. 5). Similar results are reported in a study by Oh et al. [16]. 
The low temperature at this point is more prominent as the experiment progresses. It is due to continuous provision of cooled air from 
AC vents to this point. However, the highest was temperature was observed near operator’s hands (sensor-6). It is due to the engine 
heat coming from dashboard near to this location. Due to this, the inside cabin environment could not achieve the temperature re
quirements of optimum thermal comfort zone as specified in ISO 14269–2 [23]. However, optimal thermal comfort zone for human 
varies in some other agricultural environments [19,49,50]. An air distribution scenario termed as enhanced air distribution (S-II) was 
introduced to increase air circulation inside the cabin. The air-conditioning performance of S-II was better than S-1 and clearly 
achieved the thermal comfort conditions. The performance of S-II system was further tested during field operations including rota
vating and chisel plowing. The average temperature difference between ambient and inside cabin during rotavating and chisel plowing 
was 9.8 ◦C (Fig. 11(a)) and 9.2 ◦C (Fig. 11(c)), respectively. The operator felt thermal comfort condition even at temperature dif
ferenrece of 8.3 ◦C and 7 ◦C, as reported by Gupta et al. [51] and EI-Sheikha et al. [52], respectively. Similalry relative humidity during 
rotavating (Fig. 11(b) and chisel plowing (Fig. 11(d)) was also within thermal comfort limits [23]. Therefore, studied system also 
showed satisfactory performance under both field operations. 

CFD simulations of S-II were conducted to further calculate PMV and PPD indices. A summary of the experimental and simulated 
results of air temperature, relative humidity, PMV, and PPD indices at different sensor locations inside the tractor cabin is provided in 
Table 2. Different studies provide comparison between simulated and experimental results for tracor cabin air-conditioning [16, 
53–55]. There are variations in simulated and experimental temperature and relative humidity at different sensor locations due to 
spatial differences and their distances from the AC vents. The average inside cabin air temperature was found as 27.4 ◦C (actual) and 
25.9 ◦C (simulated) while corresponding average relative humidity values were 53.3 % and 59.0 %, respectively. These results show 
that the actual and simulated temperature and relative humidity inside the tractor cabin lie within the human thermal comfort zone 
specified in ISO 14269–2 [23]. 

Similarly, the average PMV and PPD values inside the tractor cabin are 0.61 and 26.5 %, respectively. A PMV value of 0 indicates a 
thermally neutral state [56]. Values below 0 indicate a tendency for individuals to feel cool, while values above 0 indicate a tendency 
for individuals to feel warm. However, a slightly lower than 0 PMV is more comfortable to the operator inside cabin [57]. Therefore, 
the average PMV value inside the cabin shows a slightly warm sensation for some individuals. Moreover, the PPD value shows that 
26.5 % of occupants may experience a degree of discomfort, primarily due to the slightly warm conditions inside the cabin. However, 
majority of people (73.5 %) are expected to experience thermal comfort. The average difference between experimental and simulated 
air temperature and relative humidity are 2.0 ◦C and 5.8 %, respectively in accordance with the previous study [16]. This differences 
between the actual and simulated values for temperature and relative humidity good agreement of simulation model with experi
mental data. 

5. Conclusions 

The present study aimed to install an air-conditioned cabin on a tractor and evaluate its performance during summer season in 
district Multan, Pakistan. In this regard, a tractor cabin (manufactured as per AS ISO 3411 design criteria) along with an air- 
conditioning system was installed on a 65 hp tractor. Experiments were conducted to test air-conditioning performance of the 
installed system under conventional (S–I) and enhanced (S-II) air distribution scenarios. Computational fluid dynamics (CFD) simu
lations were performed using experimental data of S-II as boundary conditions to conduct airflow analysis inside the tractor cabin. Air- 
conditioning performance of the cabin was evaluated based on its ability to provide thermal comfort to the operator. Therefore, 

Fig. 10. CFD simulation results of (a) predicted mean vote (PMV) and (b) percentage people dissatisfied (PPD) inside the tractor cabin.  
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thermal comfort was assessed based on three criterions i.e., (i) thermal comfort zone (ISO 14269–2), (2) air temperature difference 
(ISO 14269–2), and (3) PMV and PPD indices (ISO 7730). The results show that the average temperature difference between ambient 
and inside cabin environments was 7.9 ◦C during experiments under S–I, falling short of the recommended minimum differential of 
11 ◦C. Moreover, the corresponding average inside cabin temperature (30.4 ◦C) and relative humidity (53.5 %) also did not meet the 
second criterion of thermal comfort i.e., human thermal comfort zone. Therefore, the installed cabin did not achieve optimum thermal 
comfort conditions under scenario S–I. 

In S-II, the difference between ambient and inside cabin temperature was 11.09 ◦C, fulfilling the first criterion of thermal comfort. 
Moreover, the average inside cabin temperature (27.4 ◦C) and relative humidity (53.3 %) also nearly achieved the second criterion of 
human thermal comfort zone. Therefore, CFD simulations were performed for this scenario to conduct airflow analysis and calculate 
PMV and PPD indices. The average values of PMV and PPD indices inside the tractor cabin were 0.61 and 26.5 %, respectively. 
Moreover, the average difference between actual and simulated air temperature and relative humidity were 2.0 ◦C and 5.8 %, 
respectively, highlighting an acceptable level of agreement between experimental and simulated results. Based on the key findings of 
the study, it can be concluded that the installed cabin with enhanced air distribution as embodied in scenario S-II, was capable of 
providing thermal comfort to the tractor operator in Pakistan. 

Fig. 11. Temporal variations in ambient and inside cabin (a) temperature during rotavating, (b) relative humidity during rotavating, (c) tem
perature during chisel plowing, and (d) relative humidity during chisel plowing. 

Table 2 
Air temperature, relative humidity, PMV, and PPD distribution at different sensor locations inside the tractor cabin for simulated air distribution 
scenario i.e., S-II.  

Sensor location Average experimental Simulated Difference PMV PPD (%) 

T (◦C) RH (%) T (◦C) RH (%) T (◦C) RH (%) 

Sensor 1 27.5 53.3 25.2 59.0 2.3 5.7 0.54 7.01 
Sensor 2 26.2 55.9 25.0 62.3 1.2 6.4 0.12 5.00 
Sensor 3 27.6 53.0 24.1 60.1 3.5 7.1 − 0.24 5.08 
Sensor 4 27.1 54.3 24.7 59.2 2.4 4.9 − 0.17 5.02 
Sensor 5 27.3 52.1 26.2 58.5 1.1 6.4 1.13 36.95 
Sensor 6 28.8 51.0 30.2 55.0 1.4 4.0 2.3 99.92 
Average 27.4 53.3 25.9 59.0 2.0 5.8 0.61 26.5  
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