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A area of copper surface 

a constant used for correlation developed 

ad constant used for dew point temperature calculation 

b constant used for correlation developed 

bd constant used for dew point temperature calculation 

c constant used for correlation developed 

c1 constant 

d constant used for correlation developed 

g acceleration due to gravity 

GrL Grashof number for vertical flat plate 

h heat transfer coefficient 

hcond heat transfer coefficient due to condensation 

hevap heat transfer coefficient due to evaporation 
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kair thermal conductivity of air 

kwater thermal conductivity of water 

L characteristic length 

Nump multiphase Nusselt number 

Nusp single-phase Nusselt number 
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 ̇ heat transfer rate 

RaL Rayleigh number for vertical flat plate 

RH relative humidity 

T1 surface temperature 
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T3 temperature of thermocouple in block farthest from surface 

Tamb ambient temperature 

Td dew point temperature 
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α thermal diffusivity 

β volumetric thermal expansion coefficient 

γ( ) function used for dew point temperature calculation 

ΔT temperature difference between ambient and surface  

ΔTb temperature difference within copper block  

θ non dimensional temperature variable 
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ABSTRACT 

Dehumidification heat transfer is associated with low values of heat transfer 

coefficient because of the presence of non condensable gas and the absence of saturated 

vapor in the ambient. Here we studied the heat transfer mechanisms during 

dehumidification on a vertical copper surface. Heat transfer coefficient at various 

humidity levels and ambient-surface temperature differences were obtained. A 

correlation was developed to relate the heat transfer coefficient, relative humidity, and 

ambient-surface temperature difference. Variations of about ~200% in heat transfer 

coefficient were observed between low and high humidity levels. It was also observed 

that the heat transfer coefficient is higher for filmwise condensation than dropwise 

condensation during dehumidification unlike for pure condensation. 
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1. Introduction and Historical Review 

The condensation of moisture from humid air, termed dehumidification, is 

important in many heat transfer applications such as condensing heat exchangers [1], [2] 

and solar distillation devices for water desalination [3].  

 

Nusselt [4] pioneered work and presented an analytical method to determine the 

heat transfer coefficient for condensation of pure vapor. His treatment was based on 

assumptions like constant fluid properties, no subcooling of the condensate, negligible 

momentum convective changes through the film, stationary pure vapor, no drag on the 

downward motion of the condensate and heat transfer through the liquid film by 

conduction only [5]. The most important assumptions being that the vapor was saturated 

and there was no non-condensable gas present.  

 

Later studies improved the analytical model by removing some of the original 

assumptions. Condensation heat transfer in the presence of non-condensable gases 

significantly reduces heat transfer [6], [7].  The buildup of non-condensable gas near the 

condensate film lowers the diffusion of the vapor from the ambient to the condensate 

film and reduces the rate of mass and heat transfer. Thus, it is necessary to solve 

simultaneously the conservation equations of mass, momentum, and energy for both the 

condensate film and the vapor-gas boundary layer together with the conservation of 

species for the vapor-gas layer. At the interface of the vapor-gas boundary layer and the 

condensate film, a continuity condition of mass, momentum and energy has to be 

satisfied. When the content of non-condensable gas is significant as in air-steam mixture 

the condensation can be treated as dehumidification.  

1.1 Background 

Heat transfer during condensation or dehumidification involves an ambient-

surface temperature difference, ΔT, across the ambient vapor and the condensing surface. 

While looking at dehumidification it is important to define relative humidity. Relative 

humidity (RH) is defined as the ratio of the partial pressure of water to the saturated 
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vapor pressure at a particular temperature [8]. The traditional definition of RH is to 

express it as a percentage but we will be treating it as a humidity ratio. This temperature 

difference, ΔT, is used to determine the heat transfer coefficient, h, using Newton’s Law 

of Cooling.  

 

  
 ̇

   
 1 

 

The schematic of the processes involved during dehumidification heat transfer is 

shown in Figure 1. Since the condensing surface is at a much lower temperature than the 

ambient, condensation will occur. During dehumidification, the ambient is not saturated 

vapor so there will be evaporation from this condensing surface.  

 

Figure 1: Schematic showing various processes that occur during dehumidification heat transfer. 

The higher the ambient-surface temperature difference, ΔT, for the same heat 

transfer rate,  ̇, the lower the heat transfer coefficient, h, is. This ambient-surface 
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temperature difference, ΔT, is shown as a schematic in Figure 2 and can be expressed as 

a sum of several components, [9] 

 

                                     2 

 

 

Figure 2: Schematic to show temperature drops due to different thermal resistances. 

The temperature drop across the wall, ΔTw, can be significant if the surface 

oxidizes or becomes contaminated thereby forming a region of increased thermal 

resistance. This is a factor if the temperature measurement made below the surface, and 

not on the surface, as in our experimental setup discussed in section titled Materials and 

Apparatus. 

 

The temperature drop across the vapor, ΔTv, for pure condensation is generally 

negligible. The thermal resistance in the vapor can be ignored because it is usually an 

order of magnitude less than the other thermal resistances. This low contribution to the 

overall resistance is the result of the ability of the vapor to mix extremely well for both 
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free and forced convection. Mixing allows enhanced heat and mass transfer towards the 

cooler surface. However, the thermal resistance of the vapor needs to be taken into 

account when dealing with condensation of vapor mixtures that include an inert gas 

(non-condensable gas). The inert gas effectively insulates the conduction of heat through 

the vapor. This is a very important factor in dehumidification and is the reason for much 

lower values of heat transfer coefficients, h, than in pure condensation of vapor. 

 

The temperature drop due to the thermal resistance encountered at the vapor-

liquid interface, ΔTδ, is again negligible. This temperature drop has an analytical 

expression given by Faghri [10]. It is important to note that this thermal resistance is 

found in both dropwise and filmwise regimes and the expression to determine them are 

similar.  

  

According to Graham & Griffith [11] there exists a temperature drop, ΔTcap, due 

to the slight depression of the equilibrium interface temperature below that of the normal 

saturation temperature for a droplet of diameter D. This thermal resistance also exists for 

filmwise regime and is similar in magnitude.  

 

The temperature drop due to conduction of heat through the droplets or film, 

ΔTdrop/film, is usually the limiting thermal resistance for pure condensation [11]. This is 

because the largest temperature drop in the condensation process occurs in the film or 

droplet, even though the conduction path is relatively short in comparison to the other 

heat flow lengths in the condensation process. This leads to high thermal resistances and 

low heat transfer coefficients. Filmwise condensation has a higher temperature drop 

because of this thermal resistance component and hence lower heat transfer coefficient.  

In summary the thermal resistance associated with vapor, interfacial resistance and 

capillary depression will be the same for both dropwise and filmwise condensation. The 

conduction resistances found in dropwise and filmwise condensation is different and 

hence the values of heat transfer coefficient, h, obtained is different.  
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1.2 Literature Review 

Experimental [12] and modeling studies [1], [2] have shown that the heat transfer 

coefficient is lower for dehumidification than for pure condensation. This has been 

attributed to the thermal resistance of the boundary layer of moist air [6], [7].  

The heat transfer during dehumidification of flowing air-water (humid air) 

mixture was experimentally investigated for a vertical plate. Yaghoubi et al. [13] 

developed a correlation for heat and mass transfer for laminar flow of humid air over a 

cooled plate with dehumidification for relative humidities above 50% and 40
 o

C 

<Tambient< 90 
o
C. The correlation, given in equation 3, was derived from numerical 

results and showed an increase in Nusselt number with increasing relative humidity. 

Yaghoubi et al. validated their correlation with experimental results of Legay-

Desesquelles and Prunet-Foch [14] who looked at saturated air-steam flow.  

 

         

          (
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(
   

    
⁄ )

     
 3 

 

For humid air the percentage of non condensable gas is in much higher 

quantities. Correlations looking at the effect of relative humidity over the entire range 

have not been developed for stationary humid air although practical applications exist.  

 

Nagai et al. under took investigation of heat transfer characteristics for different 

orientations of condensation surface in humid air [3]. They report a linear relationship 

between heat transfer rate,  ̇, and ambient-surface temperature difference, ∆T, indicating 

a constant heat transfer coefficient, h,  for relative humidity values between 40 to 90% 

and ambient humid air temperatures of 50 – 70 
o
C. Nagai et al. reported heat transfer 

coefficients, h, of about 100 W/m
2
K for an ambient-surface temperature difference , ΔT, 



 

 6 

of  20 
o
C and chamber temperature, Tamb, of 60 

o
C  with a relative humidity,  RH,  of 0.7  

[3]. 
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2. Research Objectives 

We aim to experimentally study the heat transfer process during 

dehumidification for the entire range of RH values from 0.1 to 0.9. We will determine a 

correlation that relates heat transfer coefficient, h, and independent factors like ambient-

surface temperature difference, ΔT, and relative humidity, RH. We will show through 

our experiments that in dehumidification the limiting thermal resistance is due to the 

noncondesable gas and/or wall thermal resistance because the values of heat transfer 

coefficient, h, do not drop significantly from dropwise regime to the filmwise regime.  

We also show that since these experiments are conducted at various values of relative 

humidity, RH, always less than unity, there will always be evaporation which reduces 

the heat transfer coefficient significantly. 
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3. Research Plan 

Experiments to determine the heat transfer coefficient, h, were conducted such 

that each set of data, for a particular chamber temperature, Tamb, and relative humidity, 

RH, was obtained by controlling the temperature of the serpentine cooling channel. At a 

relative humidity, RH, of 1 the partial pressure of water is equal to the saturated vapor 

pressure and no net evaporation occurs. However, when the relative humidity, RH, is 

less than 1, there will always be some evaporation that occurs. Evaporation is inversely 

proportional to RH so the rate of evaporation is high at low RH.  

 

Experiments began at low heat transfer rates,  ̇, corresponding to convection 

regime in which no condensation occurred. The coolant flow was then controlled to 

lower the surface temperature, T1, below the ambient temperature, Tamb, and the setup 

was allowed to reach steady state before the next value was recorded. The surface was 

visually monitored to determine when condensation occurred. This visual inspection 

proved to be misleading since an increase in heat transfer coefficient, h, was observed 

before apparent condensation was observed. All data points until the onset of 

condensation occurred were considered to be in the convection regime and all further 

data points were in the dehumidification regime.  

 

To determine pure convection (single-phase) characteristics, the surface was 

heated with respected to the ambient. The value of heat transfer coefficient, h, under 

these conditions is the single-phase heat transfer coefficient, hsp. The surface was then 

cooled until the surface temperature, T1, dropped below the ambient temperature, Tamb, 

and this constituted the cooling convection regime. From single-phase to cooling 

convection the heat transfer coefficient, h, did not vary significantly. The point at which 

the single-phase heat transfer coefficient, hsp, increased abruptly denoted the point at 

which dehumidification started and this was the multiphase heat transfer coefficient, hmp.  
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4. Materials and Apparatus 

Figure 3 depicts the experimental setup and its components. The setup involves 

controlling the temperature of a copper surface and varying it to fixed values above and 

below the ambient temperature, Tamb, in a chamber whose relative humidity, RH, is 

known and can be controlled.  

 

Figure 3: Schematic of the experimental setup 

4.1 Copper Surface 

 Dehumidification was studied on the surface of copper disc, having a 39 mm 

diameter heat transfer area, as seen in Figure 4. The copper disc has a stepped contour to 

allow it to fit into the copper block. The copper surface and block was designed as two 

separate parts and not as a single integral component as it would allow for easy surface 

modifications to the surface rather than modifications to the entire block. Replacement 

of the copper block for every new surface to be tested would be impractical as it has a 
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complex design. Oxygen free copper was used for both the copper surface and copper 

block components because of its high thermal conductivity. 

 The copper surface has a cylindrical hole, 1 mm in diameter which is 19.5 mm 

deep and located 1.5 mm below its surface and runs parallel to it. This is for the 

introduction of a thermocouple which measures the surface temperature, T1. 

 

Figure 4: Front (left) and side (right) views of the copper surface. All dimensions shown are in mm. 

This copper surface component fits into the copper block, shown in Figure 5, which is 

used to measure the heat transfer rate. 

 

Figure 5: Cross sectional view of the copper block. All dimensions shown are in mm. 
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4.2 Copper Block  

 A copper block was designed to serve the dual purpose of measuring the heat 

transfer rate,  ̇, through the copper surface with sufficient confidence and control the 

heat transfer rate,  ̇. The first criterion was addressed by making 6 thermocouple slots, 

as seen in Figure 5, to measure the temperature along the block and calculate the heat 

transfer rate,  ̇, using Fourier’s Law of Heat Conduction. The second criterion was taken 

care of by designing a serpentine channel at the bottom of the block, shown in Figure 6, 

through which a temperature controlled heat transfer fluid was passed that controls the 

heat transfer rate,   ̇, through the copper block. 

  

 The thermocouple slots are 1 mm diameter holes hat extend a length of  19.5 mm 

to the centre of the copper block. The first thermocouple (T1) slot in the copper block is 

at a depth of 2 mm from the circular slot surface. The remaining 5 slots are at an equal 

distance of 25 mm each. The cooling fluid passes through a continuous serpentine 

channel as shown in Figure 6. The serpentine channel arrangement is used to maximize 

the cooling heat capacity of the block as condensation involves high heat transfer 

coefficients.  

  

 The copper block is insulated from the chamber by a cylindrical Delrin insulation 

with only slots for the thermocouple probes (Figure 7). This insulation component slides 

onto the copper block like a sleeve serving to push the copper surface down onto the 

copper block ensuring better contact and lower thermal thermal contact resistance. 

Additionally thermal paste, Ceramique 2 (ceramic based thermal paste) produced by 

Arctic Silver, is used to ensure good thermal contact. An additional air insulation layer 

between Delrin and copper block was also provided. 
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Figure 6: Bottom view of the copper block showing serpentine channel. All dimensions shown are in 

mm. 

 A base plate, made of Delrin, seals the serpentine channel at the bottom while 

simultaneously preventing the copper block from coming into contact with the hot 

chamber conditions. The base plate is provided with an O-ring seal to prevent any leak 

of heat transfer fluid. There are holes for 8 screw fasteners (Figure 6) that hold the 

copper block, Delrin insulation and base plate together.   The insulation is provided to 

ensure that the heat flux is uniform and one-dimensional which simplifies calculation of 

the heat transfer coefficient, h. The copper surface along with the block, insulation and 

base plate are also shown in Figure 7. 
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Figure 7: Cross-section of copper surface, block, insulation and base plate. 

4.3 Environmental chamber 

 The equipment used to control the relative humidity, RH, of the environment that 

houses the dehumidification surface is a Thermotron SM-8 Environmental Test 

Chambers with a 3800 Programmer/Controller. The chamber has a workspace volume of 

227 L, an ambient temperature, Tamb,  range of – 68 
o
C to 180 

o
C and a relative humidity, 

RH, range from 0.1 to 0.98. The humidity sensor is a solid state high accuracy electronic 

sensor (+/- 0.5%). 

4.4 Chiller  

The equipment that provides heat transfer fluid in the external closed loop through 

the serpentine channels of the copper block was RC-6 Lauda-Brinkmann Low-



 

 14 

temperature thermostats. The chiller’s bath liquid is Kryo 30 (recommended for the 

chiller) which has similar characteristics as ethylene glycol. The chiller was set at the 

maximum bath fluid flow rate and this remains constant for all measurements. The 

temperature of the bath was set to the desired value and was used to control the heat 

transfer rate through the block. The heat flux through the block was calculated using the 

high accuracy thermocouple system. External piping is insulated to minimize heat losses 

to/from the circulating fluid. 

4.5 Temperature measurement 

The temperature measurements were obtained using a high accuracy GEC Model 

S7TC precision thermocouple (T type) scanner with 7 input channels. National Institute 

of Standards and Technology (NIST) traceable instrument calibration together with the 

thermocouple system were used to achieve a measurement accuracy of ± 0.05 °C or 

better over a temperature range of 0 to 140 °C with a resolution of 0.01 °C. One channel 

was used to obtain accurate readings of the ambient temperature, Tamb, near the 

dehumidification surface. One channel is used to determine the surface temperature, T1, 

of the copper disc using slot (T1) while another two channels are used to measure the 

maximum (T2) and minimum temperature (T3) of the block. The remaining two channels 

are used in alternate slots along the copper block to ensure constant heat flux. 

4.6 Summary of setup 

Below is a summarized description of each component and its role in the 

experimental setup. 

1. Copper surface: This is the component on which dehumidification is studied. 

a. Copper block – Required to measure the heat transfer rate,  ̇, to the 

copper surface for multiple surfaces. 

b. Insulation – Ensures one-dimensional heat transfer. 

2. Environmental Chamber: Required to control ambient temperature, Tamb, and 

relative humidity, RH, accurately. 
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3. Chiller: Required to control the copper surface temperature by circulating a heat 

transfer fluid continuously while maintaining its temperature at a predetermined 

level. 

4. Temperature sensors: Required to measure the ambient temperature, Tamb, surface 

temperature, T1, and block temperature, T2 and T3. These temperature 

measurements are used to calculate the parameters of interest. 
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5. Discussion and Conclusions 

The experimental values obtained from the thermocouple system are ambient 

temperature, Tamb, surface temperature, T1, and internal block temperature difference, 

ΔTb. From here onwards the surface-ambient temperature difference will be referred to 

as ΔT, and internal block temperature difference as ΔTb. 

 

 

Figure 8: Heat transfer rate ( ̇) as a function of ambient-surface temperature difference (ΔT) for 

various relative humidities, RH. 

 

The heat transfer rate through the block,  ̇, is shown in Figure 8 and is calculated 

from the internal block temperature difference, ΔTb, as follows: 

              4 

             5 
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 ̇  
     
 

 6 

  

When the surface is heated with respect to the ambient, i.e., surface-ambient 

temperature difference, ΔT, is less than zero, heat is transferred through single-phase 

convection. During single-phase convection, all points below the dashed line in Figure 8 

, all curves corresponding to different relative humidity values are identical. The heat 

transfer coefficient, h, can be calculated as, 

 

 ̇         7 

 

The heat transfer surface area, A, is constant. The only parameter that controls 

the relation between heat transfer rate,  ̇,  and ambient-surface temperature difference, 

ΔT, is the heat transfer coefficient, h. Also the heat transfer coefficient, h, determines the 

slope of the curve when heat transfer rate,  ̇, is plotted as a function of surface-ambient 

temperature difference, ΔT, and this slope will remain constant as long as the heat 

transfer coefficient, h, is constant.  

 

Hence in Figure 8, as discussed before, the slope of the plots for all relative 

humidity values are constant and these points are fitted to a linear function. The value of 

the single-phase heat transfer coefficient, hsp, is obtained, 

 

 ̇                       

 

     
  
 
              

   

 

The black solid line in Figure 8 is the line corresponding to single-phase heat 

transfer and any point outside this line corresponds to partial or full condensation 

associated with increased heat transfer coefficients, h.  
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Figure 8 also shows that the heat losses from the system are negligible; the 

assumption of 1-D heat conduction through the block is a valid assumption, and that the 

system built is reliable to perform dehumidification experiments.  

 

Since single-phase heat transfer coefficient, hsp, does not change with relative 

humidity, RH, the chamber conditions are exactly the same for all humidities in terms of 

induced humid air flow patterns. This is important because it allows making assumptions 

later that no additional forced convection component is active at higher humidities.  

 

For natural convection heat transfer shown below is the range of the values 

expected for the non dimensional Grashof number, GrL, and Rayleigh number, RaL [15], 
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  (        ) 
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Since the Rayleigh number is much less than 10
9
, the free convection flow is 

laminar in the current experiments [15]. Using the correlation developed for laminar 

natural convection [15], the expected values of average Nusselt number (    ) and 

average heat transfer coefficient (   ) values are estimated below, 
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The experimental values of single-phase heat transfer coefficient, hsp, are higher 

at around 111.5 W/m
2
K and this could be attributed to the air flow inside the chamber 

due to its construction to allow for addition of humid air to change the relative humidity, 

RH, when required. However, it is important to note that this existing humid air flow in 

the chamber is the same for all humidity conditions and plays no additional role as 

evidenced by the fact that the single-phase heat transfer coefficient, hsp, is same for all 

humidity values. 

 

Another observation that provides insight into dehumidification heat transfer is 

that the point of deviation of the curves from the single-phase fit for various values of 

relative humidity, RH, is different. As seen in Figure 8 the curve for the highest relative 

humidity, RH = 0.9, deviates from the single-phase curve at a very low positive value of 

   and as the relative humidity, RH, decreases the point of deviation from the single-

phase fit increases. At high relative humidity a very small surface-ambient temperature 

difference, ΔT, is sufficient to initiate condensation but at low humidity it takes a very 

high surface-ambient temperature difference, ΔT, to initiate condensation. This suggests 

that the surface temperature is also important with varying values of relative humidity.  

5.1 Dew point and use of Nu 

First the dew point, Td, needs to be determined as the temperature to which air 

must be cooled in order to reach saturation (assuming air pressure and moisture content 

are constant). A higher dew point, Td, indicates more moisture present in the air [16]. 

 

For various values of relative humidity, RH, the dew point temperature, Td, can be 

calculated using the following relations [17], 

 

   
   (       )

    (       )
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Ideally when the surface temperature, T1, reaches the dew point, Td, condensation 

of the water from the humid air begins. However, it is observed that condensation begins 

even when the surface temperature is slightly higher than the theoretical dew point. It is, 

therefore, convenient to define the following non-dimensional parameter, θ, 
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Note that in the above relation the denominator (Tamb – T1) is always positive so 

when   is negative it implies that the surface temperature, T1, is higher than the dew 

point, Td.  

 

Figure 9 depicts the condensation multiphase Nusselt number, Nump, as a 

function of the non-dimensional temperature ratio, θ, for various surface temperatures. 

The multiphase Nusselt number, Nump, differs from the single-phase Nusselt number, 

Nump, since they are defined using different values of fluid thermal conductivity for 

normalization. Shown below are the exact relations used, 
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This is done to maintain consistency with the definition of Nusselt number as the 

ratio of convective to conductive heat transfer across the boundary. For the case of 

single-phase heat transfer the fluid at the boundary is humid air while during multiphase 

heat transfer the fluid is water.  
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Figure 9: Multiphase Nusselt number (Nump) as a function of the non-dimensional temperature ratio 

(θ) for various heat flow values is shown. 

 

From Figure 9 it can be seen that while the surface temperature, T1, is higher than 

the dew point, Td, (θ is negative) the change in the multiphase Nusselt number, Nump, 

and consequently multiphase heat transfer coefficient, hmp, is very minor, and 

corresponds to dropwise condensation as observed visually. However, when the surface 

temperature, T1, is lower than the dew point, Td, (θ is positive) there is a dramatic 

increase in multiphase Nusselt number, Nump, for small increments of θ. It follows that 

for humid air, when the surface temperature, T1, is below the dew point, Td, dropwise 

condensation is initiated but this does not significantly enhance heat transfer. However 

as dropwise condensation transitions to filmwise condensation the heat transfer 

coefficient, hmp, increases. This is unlike the case for pure vapor condensation where 

dropwise condensation has significantly higher heat transfer coefficients than filmwise 

regime.  
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5.2 Correlation for hmp 

Since multiphase heat transfer coefficient, hmp, depends on the relative humidity, 

RH, and the surface-ambient temperature difference, ΔT, a correlation relating these 

terms can be developed. The relative humidity, RH, and surface-ambient temperature 

difference, ΔT, are selected as independent variables and multiphase heat transfer 

coefficient, hmp, as the dependent variable. Power law dependence for relative humidity, 

RH, and surface-ambient temperature difference, ΔT, can be written according to, 

 

        (  )
 (  )   17 

 

Where a, b, c and d are constants. 

Curve fitting with two independent variables was used to determine the constants 

a, b, c and d using commercial software DataFit version 9.0.59 developed by Oakdale 

Engineering. The curve fitting was carried out using 23 points that included values of 

relative humidity, RH, between 0.1 and 0.9 and values for surface-ambient temperature 

difference, ΔT, between 7 
o
C and 45 

o
C. The coefficients were found to fit the 

experimental results as shown below in equation 18,  
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The ‘goodness of fit’ or R
2
 value is 0.965 which indicates a good fit. When the 

relative humidity, RH, is zero the multiphase heat transfer coefficient, hmp, is about 

110.96 W/m
2
K and is almost equal to the single-phase heat transfer coefficient, hsp. This 

is expected since for at a relative humidity, RH, of zero no condensation would occur.  

 

Nagai et al. reported heat transfer coefficients, h, of around 100 W/m
2
K for a 

surface-ambient temperature difference, ΔT, of 20 
o
C in an ambient temperature, Tamb, of 

60 
o
C at a relative humidity, RH, of 0.7 [3]. This value of heat transfer coefficient, h, is 
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significantly lower than our value, which is around 220 W/m
2
K, at similar conditions. If 

we subtract the single phase heat transfer coefficient, hsp, component, due to mixed 

convection, we get a more realistic value of around 110 W/m
2
K which is similar to the 

values obtained by Nagai et al. [3]. 

 

Figure 10: Multiphase heat transfer coefficient (hmp) as function of relative humidity (RH) for 

various ambient-surface temperature differences (   ). 

 

In Figure 10, a plot of multiphase heat transfer coefficient,    , as function of 

relative humidity, RH, for various ambient-surface temperature differences, ΔT,  is 

shown. The experimental values are plotted as explicit points and the correlation 

developed earlier, in equation 18, is plotted as dashed lines. As can be seen the 

agreement is very good except for the relative humidity value of 0.5. The dependence of 

the multiphase heat transfer coefficient, hmp, on surface-ambient temperature difference, 

ΔT, is weak. The dependence of multiphase heat transfer coefficient, hmp, on relative 
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humidity    is significant and hence rapidly increases at higher humidity values. This is 

due to the increased rate of condensate formation at higher humidity values.  

 

 

Figure 11: Multiphase heat transfer coefficient (hmp) as function of ambient-surface temperature 

differences (ΔT) for various relative humidity (RH). 

 

In Figure 11, the multiphase heat transfer coefficient, hmp, is plotted as function 

of ambient-surface temperature difference, ΔT, for various values of relative humidity, 

RH. The experimental values are plotted as explicit points and the correlation developed 

earlier, in equation 18, is plotted as dashed lines.  

 

An interesting point to note is that the correlation predicts an initial rapid rise in 

the multiphase heat transfer coefficient, hmp, followed by a slow down. This could be due 

to the formation of a condensate film thick enough to inhibit heat transfer. This can be 

confirmed by the use of a super-hydrophobic layer, which does not allow condensate 

film formation rather maintains a dropwise regime. The difficulty would arise in 

choosing a suitable superhydrophobic layer that its thermal resistance does not reduce 

the heat transfer while promoting dropwise regime of condensate formation during 
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dehumidification. The liquid layer thermal resistance contribution to reduction in heat 

transfer is clearly seen at the highest relative humidity value of 0.9. The increasing 

condensate film forms sufficiently thick liquid layer that inhibits heat transfer and the 

heat transfer coefficient begin to drop.  

 

The formation of a continuous condensate layer on the heat transfer surface that 

inhibits heat transfer explains the stagnating values of multiphase heat transfer 

coefficient, hmp, after a certain limit. Evaporation is inversely proportional to the relative 

humidity, RH, so the rate of evaporation at low values of relative humidity, RH, will be 

high. Hence, this limit is not the same for all values of relative humidity, RH, but is a 

direct consequence of the humidity itself.  

 

In our humid air system the maximum relative humidity, RH, used is 0.9 so there 

is always evaporation that occurs. In humid air systems, therefore, there is a balance 

between the phase-change processes of condensation and evaporation, which determines 

the overall multiphase heat transfer coefficient, hmp.  

 

Condensation involves cooling vapor to form a droplet by transferring the latent 

heat required for phase change to the copper block. Evaporation, on the other hand, 

transfers heat in the opposite direction to increase the latent heat of the droplet on the 

copper surface to convert it into vapor. Thus, the contribution to multiphase heat transfer 

coefficient, hmp, by condensation, referred to here as, hcond, will be opposite in sign to the 

contribution by evaporation, referred to here as, hevap. The contribution of single-phase 

heat transfer coefficient, hsp, and heat transfer coefficient due to condensation, hcond, will 

be of the same sign since in both cases the fluid is cooled by the copper surface.  
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For the lowest relative humidity, RH, value of 0.1, evaporation dominates 

condensation and there is only a 7% increase of multiphase heat transfer coefficient, hmp, 



 

 26 

over the single-phase heat transfer coefficient, hsp. The enhanced evaporation explains 

the lack of significant increase in     even though visual evidence of condensate 

formation (both filmwise and dropwise regimes) is observed. However, at high relative 

humidity, RH, values of 0.9 the condensation is vigorous while evaporation is minimal 

and hence a 200% increase in multiphase heat transfer coefficient, hmp, is observed.  
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6. Summary 

Considerable effort has been undertaken by the heat transfer community to 

extend knowledge about pure condensation and the effect of non-condensable gas. There 

have also been both experimental and computational studies to determine the heat 

transfer coefficient for humid air. However, the effect of relative humidity has not been 

looked at closely. In this work, an experimental setup to measure the heat transfer 

characteristics during dehumidification of humid air over copper surface was 

constructed. A correlation relating heat transfer coefficient, h, relative humidity, RH, and 

ambient-surface temperature difference, ΔT, was developed. Relative humidity, RH, was 

chosen as an independent variable because the aim was to study its effect on heat 

transfer characteristics. The ambient-surface temperature difference, ΔT was chosen as 

the second independent variable because it drives the convection and condensation 

processes.  

 

The correlation developed satisfied all datum points with a good confidence 

level. It predicts the heat transfer coefficient, h, for all values of relative humidity, RH, 

including the limiting case of single-phase convection heat transfer. 

 

The data suggests that relative humidity, RH, has a significant effect on the values 

of heat transfer coefficient, h. Large variations of heat transfer coefficient from ~ 113 

W/m
2
K at low relative humidity to ~ 330 W/m

2
K at high relative humidity are observed. 

This ~200% increase in heat transfer coefficient is because the rate of evaporation at low 

humidity is very high and vice versa. Since the direction of heat transfer during 

evaporation and condensation are opposite, the rate of evaporation plays an important 

role during dehumidification heat transfer. During pure condensation heat transfer, the 

ambient is saturated with vapor so the effect of evaporation is negligible and hence the 

values of heat transfer coefficient are also much larger.  

 

It was observed, during the data acquisition, that the heat transfer coefficient was 

lower during dropwise condensation than during filmwise condensation. This is unlike 

pure condensation heat transfer and can be explained by the presence of non condensable 
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gas which lowers the heat transfer coefficient. For pure condensation the vapor mixes 

freely which enhances heat and mass transfer to and from the droplet. During 

dehumidification, however, the non condensable gas forms an insulating layer that forms 

an additional thermal resistance that insulates the droplet from the vapor. 

 

It was also observed that the original copper surface was oxidized and this reduces 

the heat transfer coefficient, h, as the oxide layer has a low thermal conductivity. The 

effect of this oxide can only be checked by passivating the surface with a suitably thin 

material.  
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7.   
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