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Abstract Combi-steamer condensation hoods are widely used in mod-
ern gastronomy. They condense steam produced by the combi-steamer and
also filter solid particles, moisture, grease and smells. All these factors nega-
tively affect the staff and dishes, so efficient work of the condensation hoods
becomes important. A mathematical and experimental analysis of such a
device is described in this paper. First a measurement methodology was de-
signed and measurements of air humidity, temperature and mass flow rates
were performed. The measurement procedure concerned dedicated a steam
generator and combi-steamer. Next a mathematical model was developed.
It was based on mass and energy balances of the condensation hood. The
condensate flow rate turned out to be insufficient to fulfill the energy bal-
ance while measured directly. Hence, it was calculated from heater’s power
of the steam generator and the balance model was validated. The combi-
steamer had an unknown output, so the condensate flow rate was provided
by the balance model after its validation. A preliminary diagnosis of the
device was carried out as well.
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Nomenclature

Ḣ – enthalpy, kW
ṁ – mass flow rate, kg/s

Q̇ – rate of heat flow, kW
A – area, m2

c – specific heat, kJ/(kg K)
h – specific enthalpy, kJ/kg
M – molar mass, kg/kmol
p – pressure, Pa
T – temperature, K
t – temperature, ◦C
w – humidity ratio, (mass of moisture)/(mass of dry air), kg/kg

Greek symbols

α – heat transfer coefficient, kW/(m2K)
ϕ – relative humidity
ρ – density, kg/m3

v – velocity, m/s

Subscripts

I -V – balance element
a – air
ad – additional
c – convection
ch – condensation hood
cond – condensate
da – dry air
fg – vaporization
ha – humid air
p – at constant pressure
ref – reference
s – saturation
steam – steam
v – moisture
water – water

1 Introduction

In contemporary gastronomy a modern foodservice equipment is more and
more widely used. Combi-steamers are a key example as they are present in
most restaurants as well as in cafeterias and supermarkets with their own
bakeries. Combi-steamers significantly facilitate high-quality food prepa-
ration. Despite numerous advantages, they have one major drawback –
produce a lot of steam. High moisture content could negatively affect the
staff, customers and meals. When the use of stationary steam vents is not



Mathematical model and measurements of a combi-steamer. . . 127

possible, condensation hoods appear as a solution. The condensation hood
captures the steam produced by the combi-steamer, condenses it and either
returns the condensate back to the oven or sends it into the sewage [1,2].

The condensation hood is a subject of this paper. According to the best
authors’ knowledge, scientific publications analysing conjugate heat and
mass transfer processes encountered in these devices are practically not
available. However, component phenomena are typical and have already
been investigated in other applications. Yet measurements of condensation
hoods were not encountered by the authors in the literature.

The condensation hood consists of two parts: inlet – with filters and
a fan that forces the air (from the environment) to flow through the de-
vice; and outlet – a heat exchanger (a condenser). At this point it should be
stressed that in this heat exchanger the humid air from the environment (of
low moisture content) works as a coolant while (most probably) mixture
of the air and steam (of high moisture content) provided by the combi-
steamer is cooled. As a result of this cooling, the high moisture content
(the steam) eventually condenses. While pure steam condensation process
is well described in most heat transfer related handbooks, in the presence
of non-condensable gases (like in most cases – the air) the condensation
process still needs further investigation. For instance, Su with use of com-
mercial computational fluid dynamics (CFD) software and experimental
data, investigated the impact of air content on steam condensation process
over a vertical surface [3]. Fan developed a new empirical correlation for
steam condensation in terms of pressure, air content and wall subcooling
in a vertical smooth tube [4]. Abadi examined numerically steam conden-
sation process inside a long, inclined, smooth tube at different saturation
temperatures with assumption of the flow field being three-dimensional,
unsteady and turbulent [5]. He also carried out a thorough literature re-
view dedicated to condensation inside smooth tubes. Bian took up steam
condensation process in tube bundles and performed numerical simulations
on various cases. His research showed that tube bundles’ configuration has
a significant effect on the heat transfer coefficient in comparison to a single
tube case [6]. O’Donovan investigated experimentally and mathematically
the impact of pressure drop on steam condensation process in air-cooled
tube bundles [7]. Due to a combination of frictional, momentum and gravi-
tational effects, an excessive pressure drop may significantly affect the heat
exchanger output. Tarasov carried out experimental studies of heat trans-
fer during steam condensation on a bundle of slightly inclined tubes with
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and without non-condensable gases at different steam pressures [8]. Fan in
his work conducted experimental study of pure steam and air-steam mix-
ture condensation on vertical corrugated and smooth tubes, respectively
[9]. Those studies were carried out under different pressures and air con-
tent of the air-steam mixture.

Wide-ranging experimental and numerical studies regarding the steam
condensation process in terms of numerous parameters prove that this phe-
nomenon still needs investigation. Thus, design of efficient air-cooled con-
denser becomes challenging along with conducting reliable measurements.

The heat exchanger taken under consideration works with ambient hu-
mid air as a coolant. This type of heat exchangers is widely used in diverse
applications and scales – from cooling electronic components [10] through
refrigeration [11], as a car coolers [12] and air conditioning [13] to use in
power plants and chemical industry [11,14]. Those solutions have one thing
in common – the heat is transfered from hot fluid to an ambient air. Air
flows on the outside of the pipes so dominant thermal resistance occurs on
the air side [15]. For this reason pipes are frequently externally finned.

The typical configuration is different, when water is used as a coolant.
Water flows inside the pipes while steam condenses on the outside of the
pipes. As the heat transfer coefficient for water is higher than for the air
there is no need for applying fins.

As for the case at hand, steam condenses outside the pipes and coolant
(humid air) flows through the pipes. Hence, there is a need of reducing
the thermal resistance inside the tubes. Therefore, internally finned pipes
(with longitudinal fins) are used. This solution, although widely used in
many industrial branches like power engineering [16–18], petroleum pro-
cessing [18] or electronics [17–19], is not described in detail by standard
general dimensionless correlations. Majority of works concerning internally
finned tubes in various applications are focused on numerical [16–18] and/or
experimental studies [20,16] in laminar [19] and/or turbulent flow regimes
[16–18] in clearly specified, particular cases.

Investigation of a device equipped with non-standard heat exchanger
with internally finned pipes, at least, requires the development of a math-
ematical model (system model, balance model). Such a model should be
based on the mass and energy balances no matter if it is a car cooler [21],
a refrigerator [22], a solar collector [23] or a heat exchanger itself [24]. In
all these cases energy balance is crucial for the model to work properly. An
experimental data is also necessary for validation [21,23].
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Gathering experimental data from measurements can be problematic
especially when numerous quantities have to be recorded simultaneously
under unfavorable conditions. Hence, a selection of suitable probes be-
comes important. For example, a gas (air) flow rate measurement with
the Pitot tube [25] (which is accurate and relatively simple in use) is very
sensitive to installation, which has been investigated by Sun [26]. Addition-
ally, each installed probe affects the flow of both heat and fluid, so complex
measurements become even more challenging, when it comes to obtaining
accurate results. Situation complicates, when the measurement of some
quantity is not possible (due to unfavorable conditions or, simply, the lack
of space for installing the probe). In order to compensate measurement
errors, data reconciliation methods are developed and used. For example,
Narasimhan developed an algorithm using iterative principal components
analysis with a maximum likelihood estimation procedure for obtaining an
estimate of the error covariance matrix together with the accurate process
model [27]. Mandel described an alternative to the classical data reconcili-
ation method based on likelihood function minimization with measurement
errors distributions [28]. Narasimhan proposed two methods of data recon-
ciliation, while the latter provides more accurate estimates of the uncertain
model parameters [29].

In this paper a mathematical model of conjugate heat and mass trans-
fer processes including condensation of water vapor taking place within the
condensation hood is discussed in detail. This model is based on mass and
energy balances of the condensation hood. It is also validated by mea-
surements. To provide necessary experimental data to the balance model,
mass flow rates were measured along with temperatures and air humidi-
ties. A steam generator was built in order to control the flow of the water
vapor through the condensation hood. However, the condensation hood is
dedicated to work with the oven, so the measurements had to be carried
out on both the steam generator and the dedicated combi-steamer.

2 Condensation hood

Construction of the condensation hood can be divided into two parts – the
first consists of front baffles, grease filters, front condensers and fan. Its
main purpose is to clean the air and to pump it through the device. The
second part is a heat exchanger with two bundles of pipes, steam inlets and
air filter located at the outlet from the exchanger. Figure 1a presents sim-
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plified scheme of the condensation hood with the most important elements
highlighted. Detailed geometry of the device is shown in Fig. 1b.

a) b)

Figure 1: Condensation hood: a) top schematic view, b) isometric view; 1 – fan, 2, 3 –
bundles of pipes, 4 – air distribution chamber, 5 – peripheral air chambers,
6 – steam channel; 7 – steam baffles.

Front baffles are the first obstacle for solid particles suspended in the air.
They are also used for aesthetic purposes. Grease filters are another replace-
able part and prevent grease or sludge propagation from the environment
into the device.

The condensate is removed from the device according to the thin dotted
line in Fig. 1a. The fan 1, located in central part of the device, sucks the air
(continuous line) from the environment and pulls it through an air distribu-
tion chamber 4 to pipes 2 and 3. It also sucks the remaining uncondensed
steam (broken line) from the condenser and dilutes it in the air. Bundles
of pipes 2 and 3 consist of 24 internally finned pipes each, which gives 48
pipes in total. The pipes are distributed uniformly in three rows along the
whole length of the condenser. There are four vertical baffles 7 parallel to
the pipes. They extend the distance to be covered by the steam and thus
increase the performance of the device.

The air leaving the pipes flows through peripheral chambers 5 to the
air outlet located above the heat exchanger equipped with an air filter (not
shown in the figure).

The steam flows to the condensation hood through two inlets IV lo-
cated in the left hand side pipe bundle 2. Then, some part of the steam
flows through bundle 2, while the rest through the steam channel 6 to the
bundle 3.
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3 Mathematical model

Preliminary diagnosis of the condensation hood requires the mathematical
model. This model is based on three balances written for a steady state:
mass balance of dry air, moisture balance, and energy balance. It requires
information about the velocities, temperatures and humidities at the inlets
and outlets of the device.

Figure 2: The hood’s inlets, outlets and locations of measuring points.

Figure 2 presents the hood’s inlets, outlets and measuring points I–V of
the following quantities:

I – air inlet: temperature, relative humidity and velocity,

II – air outlet: temperature, relative humidity and velocity,

III – condensate outlet: mass and time,

IV – steam inlet: temperature,

V – heat losses: temperature of the housing.
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3.1 Mass balance of dry air

According to the principle of mass conservation, in open systems in a steady
state the total amount of matter that inflows and outflows of the system
should be equal to each other. In fact, however, there is always some
uncertainty resulting from the measurement error. Hence, the mass balance
of dry air takes the form

ṁda,I = ṁda,II + ∆ṁda , (1)

where ṁda,I and ṁda,II are mass flow rates of dry air at air inlet and outlet
respectively, ∆ṁda is balance of dry air inconsistency.

In fact, direct measurements bring information about mass flow rate
of humid air and obtained results need to be converted considering air
humidity ratio [15]. To do so, the humidity ratio is needed

ṁda,I = ṁha,I
1

(1 + wI)
, (2)

where ṁha,I is the mass flow rate of humid air at point air inlet (I), wI is
the humidity ratio, (mass of moisture)/(mass of dry air). The mass flow
rate of humid air can be expressed as

ṁha,I = AIνIρha,I , (3)

where AI is a cross-sectional area at the air inlet, νI is average air velocity,
and ρha,I is air density.

The humidity ratio in Eq.(2) is defined (according to [15]) as

wI =
ϕIps

pref − ϕIps

Mh2o

Ma
, (4)

where ϕI stands for relative humidity, ps is the saturation pressure of water
at temperature at air inlet (point I), pref is reference pressure (here atmo-
spheric pressure), Mh20 is the molar mass of water, and Ma is molar mass
of dry air. The same equations apply to the outlet air (point II) as well.

3.2 Moisture balance

The principle of mass conservation applies to the moisture balance as well.
The balance of the condensation hood consists of the following elements:

ṁv,I + ṁsteam,IV = ṁv,II + ṁcond,III + ṁcond,III,ad , (5)
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where ṁv,I is the moisture flow rate at the inlet, ṁsteam,IV is steam input,
ṁv,II is moisture flow rate at the outlet, ṁcond,III is the condensate flow
rate, and ṁcond,III,ad stands for an additional condensate flow rate closing
the balance.

Moisture flow rates at the inlet I and outlet II of the condensation hood
are defined as follows:

ṁv,I = ṁda,IwI . (6)

3.3 Energy balance

The energy balance, similar to the mass balances, has been extended by
the energy balance inconsistency, ∆Ḣ. Eventually, energy balance of the
condensation hood takes the form

ḢI + ḢIV = ḢII + ḢIII + Q̇V + △Ḣ , (7)

where ḢI stands for the air enthalpy at the inlet, ḢIV is steam enthalpy,
ḢII is air enthalpy at the outlet, ḢIII is condensate enthalpy, Q̇V stands for
heat losses, and ∆Ḣ is energy balance inconsistency. This last quantity is
in some sense a measure of measurement accuracy of all thermal quantities
involved in the energy balance.

Air enthalpies are calculated as follows:

ḢI = ṁda,Icp,a {(Ta,I − Tref ) + wI [hfg + cp,steam(Ta,I − Tref )]} , (8)

where cp,a stands for the air specific heat, Ta,I is temperature of air, Tref

is reference temperature, hfg stands for enthalpy of vaporization (latent
heat), and cp,steam is specific heat of steam.

Enthalpy of the steam is calculated as a product of steam mass flow
rate and specific enthalpy

ḢIV = ṁsteam,IV hsteam , (9)

where hsteam stands for the specific enthalpy of the steam.
The enthalpy of the condensate is relatively low in comparison to other

elements of the energy balance, but it has still been taken into account and
derived as follows:

ḢIII = ṁcond,IIIcp,water(Tcond,III − Tref ) , (10)

where cp,water stands for the specific heat of water, and Tcond,III is the
condensate temperature.
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Heat losses are the last element of the balance. Convective heat transfer
is dominant (the condensation hood housing has a low temperature of 30–
50 ◦C in the region of heat exchanger) but also negligibly small

Q̇V = αcAch

(

T ch,V − Tref

)

, (11)

where αc is an average convection heat transfer coefficient, Ach is a heat
transfer surface area, and T ch,V is an average temperature of the heat
transfer surface.

3.4 Condensation efficiency

The main function of the condensation hood is steam condensation. Hence,
the condensation efficiency becomes the most important parameter calcu-
lated as follows:

η =
ṁcond,III

ṁsteam
100% . (12)

4 Measurement methodology

Good quality measurements are necessary to the verify mathematical model.
Thus, it becomes crucial to prepare an appropriate experimental rig along
with measurement procedure including measured values and measurement
devices (also taking into account their number, location, accuracy, range
and measurement conditions).

The following probes were used during the measurements:

(a) Omniport30 Logprobe 16 – temperature (-20–70 ◦C ±0.5◦C), pressure
(900–1100 hPa ±0.5 hPa), realtive humidity (0–100% ±2% for 0–90%
and ±3% for 90–100%).

(b) Omniport30 Logprobe 65 – velocity (0–20 m/s ±0.2 m/s), tempera-
ture (0–50◦C ±1◦C).

(c) Delta Ohm HD29371TC.../HD29V371TC – velocity (0.05–20 m/s
±0,7 m/s+3% of the value), temperature (-10–60◦C ±0.3◦C), rela-
tive humidity (0–100% ±1.5% for 10–90% and ±2% for the remaining
range).

(d) Dwyer 167-12” Pitot tubes with Dwyer Magnesense II Differential
Pressure Transmitter – velocity (0–20 m/s ±1% up to 50 Pa).
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(e) Dwyer 160-36” Pitot tubes with Dwyer Magnesense II Differential
Pressure Transmitter – velocity (0–20 m/s ±1% up to 50 Pa).

(f) Thermocouples type K – temperature (-60–375◦C ±0.1◦C).

Letters a to f in Fig. 2 denote probes described above, while arrows indicate
their approximate locations.

Readings from all the sensors except for (a) and (b) were recorded by
a Brainchild PR20 signal recorder. To properly measure the velocity at
the air inlet and outlet, additional channels were introduced. They also al-
lowed for equalization of the velocity profile at the outlet from the device.
The measurement probes were precisely mounted in these channels. The
inlet channel was a simple cuboid with a constant rectangular cross-section
along its entire length. It was well matched with the condensation hood to
eliminate air leakage.

Two Pitot tubes (e) were placed in the geometrical centers of both halves
of the inlet channel cross-section 0.6 m away from the inlet to the channel.
Additionally, ambient pressure, temperature and relative humidity were
measured and allowed for determining of the humidity ratio at point I with
the use of probe (a). The velocity profile at this point was verified with the
use of probe (b) by manual measurements.

As the velocity at the outlet was found to be low (less than 1 m/s) and
highly non-uniform, it has been decided to prepare a channel with extension
having a smaller cross-section. Hence the outlet channel had a trapezoidal
constriction and a straight rectangular part. The cross-sectional area of
the extension was reduced four times relative to the outlet of the condensa-
tion hood itself. Despite this effort the velocity profile at the condensation
hood air outlet was still non-uniform. Therefore velocity measurements
have been conducted with the use of Pitot tube (d) in 25 points through-
out the cross-section according to the log-Chebyshev method described in
[30] (used during traversing a duct to determine the average air velocity)
and an average value has been compared to the readings from the sta-
tionary sensors mounted in the channel. The average velocity from the
log-Chebyshev method was close to the one measured by probe (c), which
proved that the non-uniform velocity profile did not affect the results in
this case. The length of this channel was limited by the available height of
the laboratory. Figure 2 presents the location of point II with sensors (c)
and (d) while Fig. 3 shows their actual placement inside the channel. Fur-
ther reducing the cross-sectional area of the outlet channel was not possible
due to dimensions of the sensors (c) – the distance between measurement
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c) t,v

c) j

d) DP

c) j

c) t,v

Figure 3: Outlet channel cross-section with location of measurement points: t – temper-
ature; v – velocity; ϕ – relative humidity; ∆P – velocity (Pitot tube).

points of temperature/velocity and relative humidity. For this reason, an
additional velocity measurement was carried out by Pitot tube (d) inserted
to the center of the channel.

The condensation hood has been examined in three cases of cooperation
with:

Case A: A low-powered steam generator (3.4 kW).
Case B: A high-powered steam generator (27 kW).
Case C: A combi-steamer.
Preliminary measurements showed that the condensate flow rate is not

sufficient to fully satisfy the energy balance (Eq. (7)). Additionally the con-
densation hood works with no natural slope, so gathering of the condensate
may be problematic. To improve this situation we prepared a dedicated
scaffolding presented in Fig. 4. This solution allowed for easy conden-
sate gathering through gravitational forces. Due to an increased distance
between the devices, use of the specially designed fittings (SDF) became
necessary. The SDF branched into two transparent pipes (see Fig. 5) con-
verging in upper part. Segment a–f was used for condensate gathering,
while b–a to provide the condensation hood with steam.

Steam generators (Case A and Case B) are schematically presented in
Fig. 5. Both of them consist of a water tank b and an electric immersion
heater d. The condensation hood a is placed on the scaffolding (not shown
in this figure) providing a global slope towards the bowl f where the con-
densate is gathered. The device a is connected with the water tank b by
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fittings fittings

scaffoldingscaffolding

Figure 4: Scheme of the condensation hood position relative to the combi-steamer with
scaffolding; outlet channel not included: left-hand side – side view, right-hand
side – rear view.

Figure 5: Scheme of the steam generators: a – condensation hood; b – water tank (or
combi-steamer); c – water supply valve; d – electric immersion heater; e – SDF;
f – condensate container; 1 – steam; 2 – condensate.

SDF e. Additionally, the low-powered steam generator was equipped with
a hot water supply valve c to extend the measurement time. Low-powered
steam generator (Case A) provided the known and constant over time mass
flow rate of the steam delivered to the condensation hood. The steam flow
rate was determined twofold: based on the mass of evaporated water in
a specified period of time and from the heater power. This allowed for de-
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termination of the expected condensate flow rate and for comparison with
the actually measured one. Secondly, the maximum time of measurements
was not limited, so a thermal quasi steady state was achieved improving
quality and reliability of the measurements.

In the case of a high power steam generator (case B), the possible time
of measurement was a main limitation. Namely, the volume of the water
tank (about 0.006 m3) allowed for about 10–15 min. of measurement, i.e.
until most of water evaporated. However, for such high heating power, i.e.
27 kW, a steady state was achieved much quicker than in the low-powered
steam generator as well as in the combi-steamer case.

The steam generators were used to simulate known input into the con-
densation-hood. The mass flow of steam was selected in a typical operating
range of the condensation hood (Case A). It also allowed for verification
of the chosen measurement methodology. Second experiment (Case B) was
conducted to assess the maximum condensation capacity of the device.
Here the amount of generated steam greatly exceeded typical conditions.
The same scheme (Fig. 5) applies to the combi-steamer (Case C) as well.
However, the heater power along with the water supply flow rate are un-
known in Case C.

Originally the condensation hood returns the condensate back to the
combi-steamer or to the water tank (see Fig. 2 point III). The remaining
water evaporates and is then released to the environment II with humid air.
In the case of steam generators, the problem of condensate gathering was
solved by the known heater power. In addition, the steam enthalpy can be
calculated according to Eq. (9). The condensation hood is supplied with a
mixture of steam and air by the combi-steamer, what makes any reliable
and non-invasive measurement of the flow rate at point IV practically im-
possible. The temperature at the steam inlets was measured with the use
of thermocouples f in Fig. 2.

Heat losses were the last determined element of the energy balance taken
into account in the mathematical model; in Fig. 2 denoted as V. Due to a
relatively low temperature of the condensation hood sheathing, only con-
vection has been considered. As expected, the obtained heat losses were
negligible (less than 1% of the heater power).

Additional 8 thermocouples f were placed in the internal heat exchang-
ers as presented in Fig. 6. For more information about the heat exchangers,
please refer to Section 2 Fig. 1. Four air side thermocouples (outside the
outline of the exchangers) were doubled located one above the other. Re-
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maining 4 sensors were mounted inside the exchangers shells, which allowed
for heat load examination of both pipe bundles and later for validation of
the numerical model. This is, however, a subject of separate study.

Figure 6: Scheme of the condensation hood heat exchangers – top. Two baffles included.

During the first few series, additional manual measurements of inlet and
outlet velocity profiles have been carried out with the use of probe b. Their
results proved that those profiles are constant for each gear of the fan re-
gardless of the condensation hood workload. The obtained air mass flow
rates correspond well with the results provided by the Pitot tubes despite
the outlet profile non-uniformity.

In the case of low-powered steam generator A, the measurement proce-
dure can be presented as follows:

(i) fan gear set up,

(ii) ambient conditions measurement,

(iii) filling the water tank and setting the heater power at 3.4 kW,

(iv) start of the measurement after steady-state is reached,

(v) start of the temperature/velocity/humidity recording,

(vi) and of the measurement,

(vii) additional ambient conditions measurement.

Measurement procedure in the case of high-powered steam generator B is
quite similar to that of case A apart from points iii and iv, where the
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heater power is set at 27 kW and the measurement begins after the water
is boiled.

The measurement procedure is common for each combi-steamer set up,
including a chosen operating mode, temperature and cooking function (if
available). Several main steps of the procedure can be distinguished:

(i) fan gear set up,

(ii) combi-steamer programme set up,

(iii) ambient conditions measurement,

(iv) start of the condensate mass flow measurement as soon as a thermal
quasi steady-state is reached. Start of the temperature/velocity/humi-
dity recording,

(v) ambient conditions measurement,

(vi) end of the measurement.

5 Selected main results of measurements

The measurements have been carried out in three cases described in Section
4: A – low-powered steam generator; B – high-powered steam generator
and C – the combi-steamer. According to the above, the measurements
are labeled with letters A, B and C, respectively. Numbers standing by the
letters denote subsequent measurement series. Two additional parameters
are involved: CT (crisp & tasty) – a parameter responsible for additional
food drying; HP – Humidity Pro – a parameter responsible for additional
humidity increase in the working chamber. The full list of examined oper-
ating modes is as follows:

A1-2 – steam generator, 3.4 kW,
B1-2 – steam generator, 27 kW,
C1 – combi-steamer, convection mode, 150 ◦C, CT1,
C2 – combi-steamer, steam mode, 100 ◦C,
C3 – combi-steamer, convection mode, 250 ◦C, CT1,
C4 – combi-steamer, combi-steam mode, 250 ◦C, HP3,
C5 – combi-steamer, combi-steam mode, 250 ◦C, HP5.

Series C1 and C3 were investigated with CT parameter set to 1 out of 5 in
order to minimize its impact on steam production. The higher is CT, the
lower steam is being produced. Series C4 and C5 were examined with HP
parameter set to 3 and 5 respectively in 5-grade scale, which means that
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a medium and the highest available HP values were used in experiments.
What is more, all the operating modes were set to their maximal tempera-
ture, so the condensation hood could be examined in the most demanding
conditions.

Table 1: Steam generators – measurements.

Steam generator 3.4 kW 27 kW

Symbol A1** A1 B1 B2

tI , ◦C 24.9 24.9 32.8 26.0

ϕI , % 42 42 32 28

pI
∗, kPa 98.71 98.71 100.23 100.23

tII , ◦C 38.3 38.3 65.3 63.0

ϕII , % 21 21 33 28

pII , Pa 14 14 13 16

ṁsteam,IV , g/s 1.38 1.36 11.49 11.50

ṁcond,III , g/s 1.25 1.25 2.91 4.15

Gear 1 1 1 2

*reference pressure
**steam mass flow rate ṁsteam,IV calculated from water gauge

Sample results chosen from the performed measurements for both steam
generators are gathered in Tab. 1. The table contains only the most im-
portant inlet and outlet parameters from three measurement series. Series
A1** and A1 are one and the same measurement that differs in steam mass
flow rate. In the first case, ṁsteam,IV has been calculated on the basis of
water gauge reading. In the latter case, however, the steam mass flow rate
results from the heater power. These two values are very similar, but the
first one is burdened with a higher uncertainty. Measurements B1 and B2
were carried out on a high-powered steam generator with the use of two
different fan gears. In both cases ambient conditions were close to each
other. Steam mass flow rate was derived from the heater power and the
condensate flow rates were provided by the energy and moisture balances.

Relative humidity ϕII in all cases is low and varies from 21% to 33%
despite the significant difference in the obtained condensate. This situation
occurs due to the temperature ranging from 38 ◦C to over 63 ◦C. Such low
values of the relative humidity suggest that the air is far from saturation.

Table 2 contains measured data of all three combi-steamer operating
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modes. Each of them has been examined on both fan gears. Values of
the condensate mass flow rate were measured and used in steam flow rate
determination.

Table 2: Combi-steamer – measurements.

Symbol C1 C1 C2 C2 C3 C3 C4 C4 C5 C5

tI , ◦C 25.4 26.5 26.1 27.2 26.4 25.5 26.4 27.0 27.0 25.5

ϕI , % 29 31 29 30 28 26 32 29 29 21

pI
∗, kPa 100.23 100.77 99.94 99.84 100.72 100.23 100.23 100.23 100.07 100.08

tII , ◦C 31.9 32.8 42.5 42.4 42.4 42.3 50.2 46.7 49.4 46.5

ϕII , % 21 22 14 14 14 13 12 14 10 9

ṁsteam,IV , g/s 0.23 0.19 0.73 0.71 0.83 1.06 1.27 1.56 0.96 1.11

ṁcond,III , g/s 0.18 0.15 0.53 0.54 0.60 0.74 0.73 0.97 0.81 0.73

Gear 1 2 1 2 1 2 1 2 1 2

*reference pressure

6 Analysis outcome and discussion

Results of measurements of the condensation hood in cooperation with
steam generators are gathered in Tab. 3. Balances inconsistency ∆Ḣ was
lower than 5%. The condensation efficiency (Eq.(12)) in cases A1 and A2
is about 90% whereas in cases B1 and B2 is significantly lower because
a much higher steam flow rate (about 11.50 g/s in case B in comparison
to 1.36 g/s in case A). It means that the maximum power output of the
heat exchanger was reached – approximately 6.5 kW for gear 1 and over
9 kW for gear 2. In addition, especially in case B2, a significant moisture
increase (ṁv,I in comparison to ṁv,II) in the air can be noticed. Conclusion
is one – not condensed steam is diluted in the output air. However, the
condensation hood during normal (casual) work will never have to cope
with such heat loads as in case B2.

The combi-steamer output is not exactly known. Any measurements
of mass flow rate are difficult and burdened with significant errors due to
high temperature (at around 100 ◦C) and high humidity. Pitot tubes were
used but any brief exposure to combi-steamer output resulted in the tube
clogging with droplets, which affected measurement results. Situation with
the humidity probe was similar. Too high moisture content prevented us
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Table 3: Steam generators – results.

Symbol A1 A2 B1 B2

wI
∗ 0.0077 0.0084 0.0099 0.0059

ṁv,I , g/s 1.61 1.76 1.81 1.31

wI
∗ 0.0083 0.0091 0.0569 0.0475

ṁv,II , g/s 1.73 1.90 10.39 8.66

ṁsteam,IV , g/s 1.36 1.36 11.49 11.50

ṁcond,III , g/s 1.21 1.25 2.91 4.15

ṁcond,III,ad, g/s 0.02 -0.02 0.00 0.00

∆Ḣ, % 1.54 1.13 2.46 0.24

Q̇, kW 2.8 2.8 6.5 9.3

η, % 89.3 91.6 25.3 36.1

Gear 1 1 1 2

*mass of moisture per unit mass of dry air

from using our probes. For this reason any attempt to measure reliably
the moisture content and total mass flow rate requires prior separation of
moisture from the air. To do so, a dedicated device is necessary. Due to
a low gauge pressure (several pascals), the introduction of any additional
device causes a relatively significant pressure drop.

Preliminary results showed that only part of the energy balances is
closed without any additional actions. An explanation was quite simple
– part of the condensate 2.b dripped down the wall of SDF back to the
combi-steamer (segment a-c) according to Fig. 5. Those difficulties forced
a specific approach compensation of the balances. It required reduction of
the balance inconsistency by adjusting the mass flow rate of the condensate
and steam. According to Eq. (7), where enthalpies of air and heat losses
(ḢI , ḢII and Q̇V , respectively) are properly estimated and fixed by design
considerations, the balance inconsistency depends on just two remaining
elements – enthalpy of the steam and the condensate (ḢIV and ḢIII , re-
spectively). Assuming that both of them are correct except for the mass
flow rates ṁcond,III (that is deficient) and resulting from that ṁsteam,IV

(see Eq. (7)), it becomes justified to compensate the missing condensate by
an increase of ṁcond,III by ṁcond,III,ad.

To show the effect of balance compensation approach, the final results
for Case C have been divided into two tables: Tab. 4 with selected results
before and after balance compensation, and Tab. 5 with the results after



144 M. Tokarski et. al.

Table 4: Combi-steamer chosen balances – compensation.

Symbol C1* C1** C2* C2**

wI
∗∗∗ 0.0067 0.0067 0.0068 0.0068

ṁv,I , g/s 1.49 1.49 1.49 1.49

wII
∗∗∗ 0.0068 0.0068 0.0075 0.0075

ṁv,II , g/s 1.52 1.52 1.66 1.66

ṁsteam,IV , g/s 0.19 0.75 0.71 1.70

ṁcond,III , g/s 0.15 0.71 0.54 1.53

ṁcond,III,ad, g/s 0.00 0.56 0.00 0.99

∆Ḣ, % -11.33 0.03 -16.60 0.05

Q̇, kW 0.4 1.4 0.4 1.6

η, % 83.4 95.9 76.7 90.3

Gear 2 2

*results before balance compensation
**results after balance compensation
***mass of moisture per unit mass of dry air

compensation only.
Table 4 contains two chosen measurement series before and after balance

compensation procedure described above. A high energy balance inconsis-
tency △Ḣ (over ten percent) has been greatly reduced by simple condensate
flow rate compensation (not captured condensate ṁcond,III,ad). A signifi-
cant amount of the condensate was missing – approximately 70%. More-
over, the missing condensate affects the condensation efficiency (Eq. (12))
that increases from 83% in Case C1 and from 76% in Case C2 by over 10%
to over 90% in both cases. While the missing condensate ṁcond,III,ad is in-
cluded in ṁcond,III , the steam flow ṁsteam,IV is affected as well. Because of
that, share of the condensed steam in the overall steam flow rate increases,
which translates directly onto the higher condensation efficiency.

Results after balance compensation (condensation hood in cooperation
with the combi-steamer) are shown in Tab. 5. All balances inconsistencies
are negligible – less than 1%. Steam flow rates differ from 0.65 g/s for case
C1 to 2.51 g/s and 2.44 g/s for cases C4 and C5. Compensating condensate
flow rates ṁcond,III,ad varies depending on the case: from barely 0.17 g/s in
case C4 gear 2 to even 1.28 g/s in the same case but with gear 1. Case C5
gear 2 turned out to be the only one with a higher additional condensate
rate – 1.33 g/s.
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Table 5: Combi-steamer – results.

Symbol: C1 C1 C2 C2 C3 C3 C4 C4 C5 C5

wI
∗ 0.0059 0.0067 0.0062 0.0068 0.0059 0.0053 0.0068 0.0065 0.0065 0.0043

ṁv,I , g/s 1.12 1.49 1.17 1.49 1.11 1.17 1.28 1.43 1.22 0.97

wII
∗ 0.0061 0.0068 0.0073 0.0075 0.0071 0.0067 0.0097 0.0091 0.0074 0.0061

ṁv,II , g/s 1.16 1.52 1.37 1.66 1.34 1.49 1.82 2.02 1.37 1.35

ṁsteam,IV , g/s 0.65 0.75 1.62 1.70 1.61 2.02 2.51 1.73 2.02 2.44

ṁcond,III , g/s 0.60 0.71 1.42 1.53 1.38 1.70 2.01 1.76 1.87 2.06

ṁcond,III,ad, g/s 0.42 0.56 0.89 0.99 0.78 0.96 1.28 0.96 1.06 1.33

∆Ḣ, % 0.08 0.03 -0.05 0.05 -0.07 -0.01 -0.07 -0.11 0.02 0.01

Q̇, kW 1.4 1.6 3.2 3.5 3.1 3.8 4.5 4.0 4.2 4.6

η, % 93.2 95.3 87.7 90.3 86.0 84.2 78.9 75.0 92.4 84.4

Gear: 1 2 1 2 1 2 1 2 1 2

*mass of moisture per unit mass of dry air

Compensating condensate (the missing condensate) constitutes a significant
part of the overall condensate that allows for closing the energy balance and,
approximately, equals to 59%. In other words – during measurements with
the combi-steamer about 2/3 of the condensate was not captured. With the
use of SDF we proved that some amount of the condensate dripped down
back to the combi-steamer instead of the condensate container according
to Fig. 5. This was a surprise, because the shape of SDF should prevent
this from happening. The condensation efficiency, again, is related to the
steam and condensate flow rates. Cases C1 and C2 are characterized by
the highest efficiency (of about 90%), whereas the remaining cases have
a noticeably lower efficiency. The results obtained for Cases C4 and C5
are surprising. In both cases, condensation efficiencies are slightly lower
for gear 2. Moreover, steam flows as well as condensation flows are not
consistent. This is difficult to explain, especially since experiments with the
steam generator carried out in a similar manner produced more accurate
results. However, it can be explained, at least in part, by the combi-steamer
complexity and a difficulty to determine its way of work. In addition to
that, measurement errors could contribute to this.
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7 Summary and conclusions

In this work a numerous measurements of the condensation hood have been
carried out in different conditions. At first, the condensation hood in coop-
eration with the steam generator (3.4 kW) was investigated in conditions
similar to its normal working conditions (about 1.4 g/s of steam). Then,
an extreme case has been taken into account to achieve the maximum heat
power of the device – 27 kW steam generator – with a use of both fan gears
allowed. The steam flow rate supplying the condensation hood obtained in
this case amounts to 11.5 g/s. The steam flow rate was derived from the
electric heater power and enthalpy of evaporation.

In the next step, cooperation with dedicated combi-steamer was tested
and all available oven’s operating modes have been investigated on both
available fan gears. However, the steam flow rate was not possible to be
measured reliably due to a high moisture content affecting available mea-
surement instruments, high pressure-drop sensitiveness of the oven and
semi-stationary work of the heater. The condensate flow rate turned out to
be difficult to catch as well. The use of SDF did not meet the expectations
and still significant part of the condensate flowed back to the oven.

The mathematical model of the condensation hood has been developed
in order to assess performed measurements and to carry out a preliminary
diagnosis. This model consists of three balances of air, moisture and en-
ergy. The obtained energy balances inconsistencies were high (of a dozen or
so percent) and needed to be compensated. Unfortunately, due to lack of
reliable information concerning steam and condensate flow rates (the num-
ber of unknowns is higher than the number of equations), the application
of widely-known standard data reconciliation methods was not possible.
Thus, the mathematical model was used to determine the missing conden-
sate and/or steam flows.

This approach affected results of the steam and condensate flow rates,
condensation efficiency, heat power of the heat exchanger and balance in-
consistencies. The obtained values of steam flow vary depending on the
oven’s operating mode from 0.65 g/s for case C1 to 2.55 for case C4. Not
much less demanding was case C5, which differs from C4 only by an oper-
ating parameter HP value. The condensate flow rate differs in similar way.
In case C1 (where steam flow was the lowest) the obtained condensate flow
rate is the lowest as well and equals to 0.71 g/s, whereas the highest con-
densate flow rate of 2.06 g/s obtained in case C5.

Steam generators (Case A and Case B) were used as a benchmark in re-
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fining measurement methodology and developing the mathematical model.
Results were very satisfactory. Balances inconsistencies did not exceed 3%
so any further condensate compensation was not necessary. In the case of
a combi-steamer (Case C), however, all energy balance inconsistencies were
much higher (from approximately 15% to over 25%). After the compensa-
tion the differences decreased and eventually they do not exceed 1%.

The heat power of the heat exchanger (resulting directly from the con-
densed steam) varies from 1.34 kW in case C1 gear 1 through 4.64 (case C5
gear 2) to 9.34 kW in case B2.

Calculations show that the highest condensation efficiency of almost
96% was reached in a less heat demanding case C2, while the lowest effi-
ciency (75%) was obtained in one of the most demanding cases – case C4.
In separate case B1 the efficiency decreased to 25%, but it was an extreme
case just to investigate the condensation hood performance under the most
unfavorable conditions (maximum steam input, lowest fan gear 1).

The experiments proved that the steam channel 6 showed in Fig. 1
is not sufficiently wide, therefore the majority of steam stays in bundle 2.
This leads directly to the situation, where pipes of bundle 2 are heavily
loaded, while pipes of bundle 3 are hardly loaded. Hence, the potential of
the heat exchanger is not fully used.

The condensation efficiency of the condensation hood is very high and
it can be concluded that the device performs well. However, a detailed
analysis of this device is not possible through the analytical model only.
Thus a numerical model needs to be developed. The numerical study of
the considered device is a subject of further study.

The results prove that the approach presented in this paper was justi-
fied and gave a reasonable values. It also allowed us to assess the quality
of measurements. Thus, the obtained results can be used in the next step
– validation of a numerical model.
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